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Abstract 
Ongoing invasions by non-indigenous species (NIS) have fundamentally 
modified aquatic communities in Canada and abroad. The process of biological 
invasion encompasses a series of stages and embedded barriers, which NIS 
must pass through from donor to recipient regions. Establishment of NIS and 
their attendant impacts call for detailed studies on factors influencing invasion 
success, including the role of genetics. Introduced populations may experience 
genetic bottleneck during invasion, hence propagule pressure and associated 
genetic diversity are relevant considerations. High propagule pressure may 
enhance genetic diversity by representing a larger pool of propagules from donor 
region, and mitigates the effect of demographic stochasticity. Moreover, high 
genetic diversity allows for rapid response to changing environments. 
My goal in this dissertation was to characterize genetic diversity of aquatic 
NIS in successfully established and pre-introduced populations. Exploring the 
invasion genetics of the comb jelly Mnemiopsis leidyi (chapters two and three), I 
identified two separate pathways from North America to two regions of Europe, 
with hub-and-spoke dispersal from each initial colonization site. Then, I explored 
vector activity along possible invasion pathways of golden mussel Limnoperna 
fortunei in Asia and South America. My findings (chapter four) demonstrated that 
more diverse introduced populations of L. fortunei likely received higher 
propagule pressure than less diverse ones, indicating correspondence between 
genetic diversity and vector activity. The level of genetic diversity in introduced 
populations was at same, or higher, relative to native populations (chapters two 
to four). Furthermore, I explored the development of a genetic bottleneck prior to 


an introduction event using Ion Torrent technology to sequence small subunit 
ribosomal DNA fragments (chapter five) in zooplankton community resident in 
ballast water of an operating vessel. The number of Operational Taxonomic Units 
decreased throughout trans-Atlantic voyages, indicating developing genetic 
bottlenecks. Results provide empirical evidence for attenuation of genetic 
diversity prior to discharge of propagules, highlighting the role of pre-introduction 
phenomena in shaping genetic composition of introduced populations.  
This dissertation demonstrates the link between genetic diversity in source and 
recipient populations, and its relationship to vector activity. Future studies may 
clarify the relative roles of pre- versus post-introduction phenomena in influencing 
genetic composition of introduced populations. 
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CHAPTER 1 
 
General introduction 


Biogeographic barriers that kept biota isolated for millions of years are no 
longer as effective in the presence of human-mediated biotic exchanges. Novel 
species brought to new habitats - known as non-indigenous species (NIS) - can 
fundamentally modify the invaded communities. Accumulating studies provide 
direct evidence on the evolutionary consequences of such biotic rearrangement 
including hybridization with native species, enhanced parasitism or disease 
prevalence, and changes to predatory-prey and competition networks involving 
native species. Such modifications can ultimately result in the extinction of native 
species (Elton 1958, Mooney and Cleland 2001, Facon et al. 2006, Shine 2011, 
Simberloff 2013). The broad ecological, evolutionary and economic 
consequences associated with NIS have triggered scientists to investigate 
factors influencing invasion success (MacIsaac 1999, Ricciardi and Atkinson 
2004, Pimentel et al. 2005, Suarez and Tsutsui 2008). Successful invasion has 
been defined as establishment of NIS in novel regions, and may be followed by 
further spread and proliferation in adjacent areas (Wonham et al. 2001).  
1.1. A framework for biological invasions: an introduction to aquatic 
invasions 
Blackburn et al. (2011) proposed a unified framework for biological 
invasions that consists of series of stages and barriers that need to be overcome 
by NIS to become established in the new area. Stages of the invasion process 
are: transport, introduction, establishment, and spread, where successful 
transition between stages is determined by a number of barriers, including 
propagule pressure, physiological tolerance of individuals during transport and in 


the recipient ecosystem, and community interactions. Propagule pressure is 
defined as the number of inoculation events (propagule number), the number of 
propagules released per event (propagule size), and the health status of 
released propagules (Colautti et al. 2006, Simberloff 2009). Failure at any of the 
barriers prevents progression to the next stage and, with earlier barriers, failure 
of the invasion itself (Blackburn et al. 2011, Nuñez and Medley 2011). NIS that 
successfully overcome all stages and ultimately establish and spread in the new 
habitat are referred to as invasive species (Blackburn et al. 2011). Many factors 
have been proposed to influence the success of NIS along the proposed invasion 
sequence. Biological characteristics of NIS (e.g. species size, fecundity, and 
temperature tolerance), the nature of vectors that spread the species, and 
environmental differences between donor and recipient regions can determine 
whether NIS will successfully establish or not (e.g. Colautti et al. 2006, Devin and 
Beisel 2006, Hayes and Barry 2008, Zhan et al. 2012).  
Unintentional invasions in aquatic environments - the focus of this 
dissertation - are often associated with ships’ ballast water or sediment, external 
fouling of vessels, and aquaculture (Carlton 1985, Carlton 1989, Ruiz et al. 2000, 
Bailey et al. 2005). Ships’ ballast water and hull fouling are considered major 
vectors in dispersing aquatic NIS worldwide (Carlton 1985, Ruiz and Carlton 
2003, Drake and Lodge 2004, Molnar et al. 2008, Sylvester et al. 2011). 
Starvation, predation, light limitation, injury during ballasting operations, and 
oxygen limitation are just some of many unfavorable conditions that NIS may 
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experience during the transport stage of invasion process, thereby reducing 
propagule pressure upon ballast discharge in novel habitats (Carlton 1985).  
1.2. Drivers of invasion success 
In the early twentieth century scientists were amazed by exploring 
evolution of life following Darwin’s (1859) contributions. Early geneticists 
developed the biological species concept, and shed light on geographical 
isolation of populations and the mechanisms of speciation (Mayr 1940, 
Dobzhansky 1950). Later, Mayr (1942) introduced the concept of founder effect 
and predicted reduced genetic variation in newly founding populations. 
Separately, Charles Elton (1958) drew the attention of both public and academic 
communities to the phenomenon of biological invasions, which he described as 
“ecological explosions”, some of which involved colonization of new habitats by 
very small populations.  Baker and Stebbins (1965) followed with their seminal 
book on the genetics of colonizing species.  
One would expect that species with an evolutionary potential to tolerate 
harsh conditions of transport and to adapt to changing environmental conditions 
should have an enhanced chance of establishing in new habitats (Frankham et 
al. 2002). Populations require genetic diversity to adapt to environmental change 
(Hughes et al. 2008). Genetic diversity, the variety of genotypes present in the 
species/population under study, is typically described as average heterozygosity 
for nuclear markers and haplotype diversity for the mitochondrial genome 
(Hughes et al. 2008). Within population genetic diversity reduces the effects of 
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inbreeding and helps populations adapt when facing environmental changes 
(Freeman and Herron 2007). Therefore, loss of genetic diversity may result in 
inbreeding and reduction in reproductive fitness, and thus impair invasion 
potential (Frankham et al. 2002).  
It is unlikely that a founding population - which typically represents a 
subset of the donor population - can fully represent genetic diversity available in 
the donor region. If a founding population remains small over several 
generations, it is prone to alterations and/or reductions of genetic diversity 
through genetic drift, founder effect and/or genetic bottleneck (Hughes et al. 
2008). In extreme cases, demographic bottlenecks associated with colonization 
may result in severely impoverished genetic diversity in introduced populations 
(Novak and Mack 2005, Dlugosch and Parker 2008). Parameters like effective 
population size (Ne), level of inbreeding, and life history traits of founding 
populations should be taken into account when assessing changes in genetic 
diversity of founding populations (Wares et al. 2005).  
Despite the prevailing view that genetic impoverishment often 
accompanies invasion of new habitats, a number of recent studies have 
documented introduced populations with unexpectedly high levels of genetic 
diversity, suggesting that multiple introductions from different sources and/or 
major introduction events involving high propagule pressure can mitigate the 
effects of a genetic bottleneck during colonization (Ahlroth et al. 2003, Roman 
2006, Roman and Darling 2007, Taylor and Keller 2007, Dlugosch and Parker 
2008, Gillis et al. 2009). For example, an introduced population of the green crab 
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Carcinus maenas in Japan possessed greater mitochondrial genetic diversity 
than its source population (Darling et al. 2008). 
A recent review postulated that “the more you introduce, the more you 
get”, emphasizing the importance of both propagule pressure and colonization 
pressure (i.e. number of introduced species) to invasion success (Lockwood et 
al. 2009, Simberloff 2009). Propagule pressure can affect the genetics of NIS 
populations in two ways. First, high propagule size enhances the establishment 
probability by lessening demographic stochasticity and diminishing severity or 
even existence of a genetic bottleneck. Large propagule size is expected to carry 
a larger proportion of native range genetic diversity (Roman and Darling 2007). 
Second, higher propagule number, or multiple introduction events, diminish the 
impact of environmental stochasticity, and may result in introduced populations 
that are an admixture of different source populations (e.g. Kelly et al. 2006, 
Lavergne and Molofsky 2007). A prime example is brown anole, Anolis sagrei in 
Florida where introduced populations exhibit a mix of haplotypes from different 
populations of native Caribbean populations (Kolbe et al. 2004).  
Increases in human trade and travel provides enhanced opportunities for  
multiple introductions of NIS (Novak 2007, Hulme 2009), and existing evidence 
demonstrates positive effects of propagule pressure on genetic diversity (Kolbe 
et al. 2004, Therriault et al. 2005, Roman 2006). Furthermore, genetic variation in 
a recipient area also depends on the genetic structure of the source population 
(Figure 1.1, adopted from Roman and Darling 2007). If a source population has 
low genetic variation, even high propagule pressure will not increase genetic 
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diversity in an introduced population (Lavergne and Molofsky 2007, Geller et al. 
2010). Therefore, the pattern of genetic diversity among native and introduced 
populations of NIS can shed light on the pathway of their introduction (e.g. Duran 
et al. 2004, Kelager et al. 2013).  
While a growing number of studies attempt to disentangle the level of 
genetic diversity in established populations of NIS, the relative importance of 
vector activity and genetic diversity is poorly understood, specifically in aquatic 
systems. Lacoursiere-Roussel et al. (2012) determined loss of genetic diversity in 
introduced populations of the tunicate Botryllus schlosseri in marinas when 
compared to ports in Nova Scotia, Canada. Their study demonstrated a stronger 
influence of commercial ships in ports than recreational boats on the level of 
genetic diversity. Moreover, areas receiving high activity by transport vectors (i.e. 
ships’ visits) are at greatest risk of biological invasions due to both ballast water 
discharge and hull fouling (Drake and Lodge 2004).  
1.3. Thesis objectives
In this dissertation I assess the invasion process from both descriptive and 
mechanistic perspectives. Initially, I explore colonization history of two high-
impact global invaders. Additionally, by implementing a phylogeographical 
approach, I investigate the likely source population(s) for both species. These 
descriptive studies demonstrate level of genetic diversity in introduced 
populations relative to native populations. In so doing, I assess whether genetic 
diversity is lost or gained in introduced populations. Furthermore, by using global 


ship traffic, I explore whether the level of genetic diversity in introduced regions is 
associated with vector activity. Lastly, by integrating a ships’ ballast case study, I 
empirically test for presence of a genetic bottleneck associated with a single 
introduction event of an ocean-going vessel. While the above initial part of the 
dissertation focuses on the post establishment success of NIS, the second part 
examines the first stage of invasion process - the transport stage - when 
attenuation of genetic diversity is likely most prevalent but least understood. 
In chapter two, I investigate sequence variation in the nuclear ribosomal 
Internal Transcribed Spacer (ITS) region of the ctenophore Mnemiopsis leidyi, a 
globally invasive species (Lowe et al. 2000), to determine the invasion pathway 
of the species into southern (Black, Caspian, Azov, Mediterranean seas) and 
northern (Baltic, North seas) Europe. I survey populations from native and 
introduced ranges to explore allelic distribution of those populations to clarify 
invasion pathways that exist between the native range and numerous introduced 
locations.  
In chapter three, I determine possible invasion pathways of Mnemiopsis 
leidyi into the Mediterranean Sea by performing population genetics analyses on 
ITS and mitochondrial cytochrome c oxidase subunit I (COI) gene. I explore 
invasion pathways from the native region as well as from introduced populations 
in the Black Sea to understand whether the invasion of the Mediterranean Sea 
was a secondary spread from other introduced populations or from the native 
hub. 
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In chapter four, I explore possible links between vector activity and genetic 
diversity in introduced populations of golden mussel Limnoperna fortunei by 
characterizing the genetic structure in native and introduced ranges in Asia and 
South America. I use the mitochondrial COI gene, as well as polymorphic 
microsatellite markers, to conduct population genetics and phylogeographic 
analyses. I show whether genetic diversity in Asia and South America 
corresponds to vector activity between likely source and recipient regions. 
In chapter five, I explore in situ development of a genetic bottleneck for 
species carried in ballast water of an operational ocean-going vessel. In 
particular, I conduct comprehensive, mass sequencing of ballast samples 
collected during three Atlantic voyages using Next Generation Sequencing. I was 
specifically interested in determining whether a genetic bottleneck developed for 
ballast-borne species as a vessel crossed the ocean. 
Finally, in chapter six I summarize the novel contributions made by this 
dissertation, and discuss the importance of genetic diversity and propagule 
pressure to the success of NIS during transport and establishment stages of the 
invasion process. 
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Figure 1.1. Factors contributing to the genetic diversity of introduced 
populations. Triangles indicate the magnitude of each factor, tapering from high 
to low from the base to the point. Arrow thickness indicates the relative genetic 
diversity preserved from source to introduced populations. The gray box 
highlights factors explicitly associated with propagule pressure. Genetically 
diverse invasive populations are likely to derive from high diversity sources and 
are associated with high propagule pressure from large inocula, multiple 
introduction events, or both. Large initial founder populations or rapid post-
introduction population expansion enable colonizing populations to avoid extreme 
or extended population bottlenecks (adopted from Roman and Darling 2007). 
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CHAPTER 2 
 
Multiple introductions and invasion pathways for the invasive ctenophore 
Mnemiopsis leidyi in Eurasia 
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2.1. Introduction
The introduction and spread of non-indigenous species (NIS) beyond their 
native range accelerated during the latter half of the 20th century owing to a 
variety of human activities (e.g. Streftaris et al. 2005, Wonham and Carlton 2005, 
Ricciardi 2006, Leuven et al. 2009). Governments have begun to develop 
management programs to address adverse ecological, health and economic 
effects of NIS (Vasarhelyi and Thomas 2003, Thomas et al. 2009, Biosecurity 
New Zealand 2009). These efforts focus predominately on controlling the 
vector(s) of invasion, in an attempt to reduce the rate at which new NIS are 
introduced. However, effective management strategies also require knowledge of 
the source(s) of NIS and their pathway(s) of entry. This information may be 
obtained using importation records of specific commodities and the ‘fellow 
traveller’ NIS associated with them, or by tracking the source of vessels or 
aircraft entering a country (see Ruiz and Carlton 2003). The use of genetic 
markers to compare successfully established NIS provides a post hoc alternative 
to these approaches. Genetic tools can inform the source(s) of an invasion, an 
estimation of the inoculum size, whether an invasion consisted of one or more 
introduction events, and whether admixtures occur in the introduced range (e.g. 
Rius et al. 2008, Gillis et al. 2009, Rollins et al. 2009). 
The number of individuals and species introduced depends heavily on the 
nature of the introduction vector (Wilson et al. 2009). These two components 
have been classified as propagule pressure and colonization pressure, 
respectively (Lockwood et al. 2009). For example, colonization pressure is likely 
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to be low with importation of commodities like fruit, whereas entire communities 
involving variable population densities of different NIS may be introduced with a 
major vector like ballast water or hull fouling. Indeed, shipping is recognized as 
the leading vector of NIS introduction to marine ecosystems (Molnar et al. 2008).  
Introductions may involve a small to moderate number of founder 
individuals drawn from a limited part of the native (or introduced) range (Wilson 
et al. 2009). Both of these constraints can and often are reflected in reduced 
genetic diversity and divergence of the founding population from the source 
population owing to founder effects (e.g. see Dlugosch and Parker 2008). If the 
founding population remains small over several generations, genetic diversity 
may be further eroded by genetic drift (Hauser et al. 2002, Spielman et al. 2004, 
Frankham 2005). In extreme cases, demographic bottlenecks associated with 
colonization may result in severely impoverished genetic diversity in introduced 
populations (Dlugosch and Parker 2008). For example, spread of rapa whelk 
Rapana venosa from its native range in southeast Asia to Europe, North America 
and South America resulted in a drastic reduction of genetic diversity from 11 to 
23 mitochondrial haplotypes in native populations to a single haplotype in the 
invaded range (Chandler et al. 2008). Similarly, the fishhook waterflea 
Cercopagis pengoi experienced significant reduction of genetic diversity during 
its spread from the Black Sea to the Baltic Sea and thence to the Great Lakes. 
While the former populations contained five mitochondrial haplotypes, all 
introduced populations were fixed for the same haplotype (Cristescu et al. 2001).  
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Not all introduced populations exhibit impoverished genetic diversity when 
compared with their source populations. A number of recent studies have 
documented introduced populations with unexpectedly high levels of genetic 
diversity suggesting that multiple introductions from different sources and/or 
major introduction events involving high propagule pressure can mitigate the 
effects of genetic bottlenecks during colonization (Roman 2006, Roman and 
Darling 2007, Taylor and Keller 2007, Dlugosch and Parker 2008, Gillis et al. 
2009). For example, an introduced population of the green crab Carcinus 
maenas in Japan possessed greater mitochondrial genetic diversity than its 
source population (Darling et al. 2008). 
The ctenophore Mnemiopsis leidyi is perceived as one of the most 
invasive species globally (Lowe et al. 2000) due to its broad ecological and 
physiological tolerance. Its native distribution spans the western Atlantic Ocean, 
from Massachusetts to southern Argentina (GESAMP 1997). The species is a 
simultaneous hermaphrodite with a capability of self-fertilization (Harbison and 
Miller 1986) and its life span ranges from several months to one year (Shiganova 
and Dumont 2009). M. leidyi was introduced via ballast water to the Black and 
Azov Seas in the early 1980s, and promptly suppressed commercial fisheries of 
Black Sea anchovy Engraulis encrasicolus through predation on zooplankton 
prey utilized by the fish (Shiganova et al. 2003, Knowler 2005). M. leidyi then 
spread to the Sea of Marmara (Shiganova 1993), the Aegean Sea (Kideys and 
Niermann 1994), and Western Mediterranean in 2009 (Boero et al. 2009). Inter-
basin spread to the Caspian Sea occurred in the late 1990s, reportedly due to 
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release of ballast water from the Black-Azov basin. As with the Black Sea 
invasion, M. leidyi has suppressed fisheries in the Caspian Sea (Ivanov et al. 
2000) and overfishing of kilka (Clupeonella spp.) in the Caspian Sea increased 
the inability of Caspian Sea kilka to compete with M. leidyi for zooplankton prey 
(Bilio and Niermann 2004), as a result the abundance and biomass of 
zooplankton, mainly Cladocera and Copepoda drastically decreased (Shiganova 
et al. 2001a, Roohi et al. 2008). The suppression of zooplankton and kilka in the 
Caspian Sea considered a threat to the endemic sturgeons and Caspian seal, 
Phoca caspica (Stone 2005). Since then M. leidyi has been reported along the 
French coast (Shiganova and Malej 2009), the Baltic and North Seas (Faasse 
and Bayha 2006, Javidpour et al. 2006, 2009, Boersma et al. 2007), and the 
northern Adriatic Sea (Shiganova and Malej 2009). The source of each of these 
invasions has not been ascertained. Given that key environmental factors like 
temperature and salinity vary widely between these systems, it is not clear 
whether these invasions occurred via few invasive genotypes or whether multiple 
sources and/or genotypes were involved. 
Studies of ctenophore population genetics and phylogenetics are few (e.g. 
Podar et al. 2001), mainly owing to a lack of well developed molecular markers of 
high resolution. My attempts to verify patterns of M. leidyi invasion pathways 
using mitochondrial markers failed. In addition, mtDNA has a slow rate of 
evolution in early metazoans such as Porifera and Anthozoa (Huang et al. 2008) 
therefore, I focus here on the nuclear ribosomal Internal Transcribed Spacer 
(ITS), a region widely used in phylogenetic analyses at the species and 
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population levels in vertebrates and invertebrates (Coleman and Vacquier 2004, 
Kochzius et al. 2008). 
In this study, I compare genetic diversity of M. leidyi in both native and 
introduced ranges, and infer sources of the introduced populations using 
sequence variation in the ITS. Additionally, I test the hypothesis that Eurasian 
populations have been seeded by a single invasion of the Black Sea, with 
secondary ‘hub and spoke’ spread to other seas in Eurasia. 
2.2. Materials and methods 
Sample Collection and DNA Extraction 
A total of 190 M. leidyi individuals were sampled from four native 
(Narragansett Bay; York River, Virginia; Tampa Bay, Florida; Peninsula Valdes 
coast, Argentina) and six introduced (Black Sea; Sea of Azov; Caspian Sea; 
Baltic Sea) populations. Individuals were preserved separately in 95% ethanol 
and stored at 4°C prior to genetic analysis. 
Genomic DNA was isolated from gelatinous, lobe tissue of the 
ctenophores using the automatic extraction protocol described by Elphinstone et 
al. (2003). The universal primer pair (ITS5F and ITS4R, White et al. 1990), which 
anneals at the 3’ end of the 18S rRNA gene and the 5’ end of the 28S rRNA 
gene, was used to amplify the ITS-1, 5.8S gene, and ITS-2. PCR amplifications 
were carried out in a 40-µL reaction volume, with about 50 ng of genomic DNA, 1 
unit of Taq DNA Polymerase (QIAGEN), 1 x PCR buffer, 2.5 mM of MgCl2, 0.2 
mM of dNTPs, and 0.4 µM of each primer. PCR was performed with an initial 
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denaturing step at 95°C for 1 min, followed by 35 amplification cycles (95°C for 
30 s, 50°C for 30 s, 72°C for 50 s), and a final elongation step at 72°C for 7 min. 
Sequencing and Cloning Protocol 
All PCR products were verified on 1% agarose gel and purified using 
Agencourt Clean SEQ from Beckman Coulter . Cleaned PCR products were 
directly sequenced with the reverse primer (ITS4R) using BigDye terminator 
sequencing chemistry with an ABI 3130XL genetic analyzer (Applied 
Biosystems). Sequences were inspected and aligned using CodonCode Aligner 
2.0 (CodonCode Corporation, Dedham, MA). All nuclear fragments that 
contained double nucleotide calls (overlapping peaks) were cloned using Cloning 
and Amplification Kit (pSMART GC HK) from Lucigen to verify the sequence of 
both alleles in all heterozygous individuals.  
Population Genetic and Phylogenetic Analyses 
Standard diversity indices such as allele diversity (h) and nucleotide 
diversity (pi) (Nei 1987) were assessed using Arlequin version 3.1 (Excoffier et al. 
2005). Genetic diversity within populations was measured with three additional 
indices including the number of alleles (Na), observed (HO) and expected 
heterozygosity (HE) calculated using the GENEPOP (online version 
http://genepop.curtin.edu.au) and Arlequin (version 3.1). The Markov chain 
method was used to estimate the probability of significant deviation from Hardy-
Weinberg equilibrium using GENEPOP. To test neutral evolution of the marker, I 
calculated Tajima’s D (Tajima 1989), and Fu and Li’s (1993) D*, using DnaSP v5 
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(Librado and Rozas 2009). The degree of population subdivision was determined 
from pairwise FST using Arlequin. Hierarchical structure of nucleotide variation 
was assessed using an analysis of molecular variance (AMOVA) performed 
based on 10,000 random permutations in Arlequin. Populations were grouped 
with a priori expectations, based on their geographical origin. I grouped 
populations from North America (Florida, Narragansett Bay, and York River), 
South America (Peninsula Valdes), Ponto-Caspian region (Sea of Azov, Black 
Sea, and Caspian Sea) and Europe (Baltic Sea). In order to investigate 
population genetic similarity and clustering, a UPGMA tree was reconstructed 
based on Nei’s (1978) genetic distance between populations excluding 
population PV (due to mono-morphism). Nei’s genetic distance was calculated 
using POPGENE version 1.44 (Yeh et al. 2000), while the tree was constructed 
using MEGA version 4 (Tamura et al. 2007).  
Phylogenetic relationship among alleles was reconstructed using the 
neighbor joining algorithm in MEGA version 4 (Tamura et al. 2007). An ITS 
sequence of the ctenophore Bolinopsis sp. (GenBank accession no. U65480) 
was used as an outgroup. A network of allele sequences was generated using 
TCS 1.0 (Clement et al. 2000). The program estimates genealogical relationships 
among sequences at population level using the 95% statistical parsimony 
algorithm (Templeton et al. 1992). 
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2.3. Results 
The DNA fragment comprising the complete ITS1, 5.8S rRNA and ITS2 
regions was sequenced for 190 individuals of M. leidyi. The length of the 
sequenced fragment was 619 base pairs (bp): 233 for ITS1, 158 bp for 5.8S, and 
228 bp for ITS2. No insertion/deletions (indels) were detected in any of the 
amplified marker. 
Allelic diversity (h) of introduced (0.794) and native (0.790) populations of 
M. leidyi were relatively high, whereas nucleotide diversity (pi) (0.002 and 0.002 
respectively) were relatively low. I detected a total of 13 alleles (Accession nos. 
GU062750-GU062762), defined by four variable ITS1 sites and three variable 
ITS2 sites (Table 1), with 1.7% and 1.3% variation, respectively. No variable site 
was observed for the 5.8S gene. The 13 alleles resulted in 26 genotypes across 
all populations (Supplementary Table S2.1). Nine alleles were detected in native 
locations, whereas invaded sites had seven of these alleles plus four unique 
alleles not detected in native populations. All introduced populations had allelic 
diversity equal to or higher than that of native populations (Figure 2.1, Table 2.2). 
Results from neutrality tests were not significant for Tajima’s D, and Fu and Li’s 
D*, indicating neutral evolution for ITS (Table 2.1). 
Populations from Black (BL, BLA) and Caspian (NC, SC) Seas showed 
significant difference between observed and expected heterozygosity and 
departed significantly from Hardy-Weinberg equilibrium, while all other 
populations were in Hardy-Weinberg equilibrium (Table 2.1).  
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Genetic structure of M. leidyi populations in the Baltic Sea (BA) and 
Narragansett Bay (NB) were very similar, with shared alleles of similar 
frequencies (Figure 2.1, Table 2.2). By contrast, all populations from the Black 
(BL), Azov (AZ) and Caspian (NC, SC) Seas shared similar alleles with the 
Florida (FL) population and one allele with the York River (YR) population (Figure 
2.1). Ctenophore populations in Florida, and the Black and Azov Seas were 
dominated by allele A followed by allele B, whereas allele B was dominant in the 
Caspian Sea (Figure 2.1, Table 2.2). All native populations along the US coast 
shared alleles B and D, though different alleles dominated at each site. 
Individuals from the native South American population (PV) exhibited 
homozygous for the private allele G (Figure 2.1). 
Native populations had relatively high population differentiation with FST 
values ranging from 0.324 (FL and YR) to 0.688 (YR and PV). Based on allele 
distribution and pairwise FST values, little gene flow was inferred between South 
and North American populations. Gene flow was also limited among populations 
within North America. (Figure 2.1, Table 2.3). Introduced populations typically 
exhibited less population differentiation than native populations. For example, FST 
values ranged between -0.014 and 0.421 in introduced populations. Two 
populations of SC and BA were the most distinct (FST = 0.421), while there was 
little differentiation between those in the North (NC) and South (SC) Caspian Sea 
(FST = -0.014) (Table 2.3). Comparisons of FST values among native and 
introduced populations revealed that those in the Baltic Sea (BA) and Peninsula 
Valdes (PV) coast (FST = 0.711) were the most genetically divergent (Table 2.3). 
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Conversely, populations in Florida (FL) and the Black Sea (BL) were very similar 
(FST = -0.027), as were those in the Baltic Sea (BA) and Narragansett Bay (NB) 
(FST = -0.018) (Table 2.3). The highest FST value (0.481 – 0.711) for all 
populations was observed when compared to PV (Table 2.3). Average FST values 
for native and introduced populations were 0.498 and 0.151, respectively, 
indicating that the genetic differentiation among introduced populations is lower 
than that among native populations. 
Hierarchical analysis of molecular variance (AMOVA) indicated that most 
of the genetic variation was partitioned within-populations (69.2%), followed by 
that among groups (21.5%) (Table 2.4). Genetic distance in populations from the 
Black, Azov and Caspian Seas and Florida was relatively minor, and separated 
from the clade containing the Baltic Sea and Narragansett Bay (UPGMA 
reconstruction; Figure 2.2). These patterns were in agreement with FST data 
(Table 2.3).  
The neighbor joining tree did not show any distinct phylogenetic or 
phylogeographic structure, indicating a close evolutionary history of all alleles. 
The allele network exhibited limited mutational steps among different alleles. 
Both results indicated recent geographical expansion of M. leidyi populations 
(Figure 2.3). 
2.4. Discussion 
In this study I explored genetic diversity of the ctenophore M. leidyi in its 
native and introduced ranges to determine the invasion history, source(s) of 
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invasions, and number of invasion waves. Results from allele distributions, 
pairwise FST values, and cluster analysis reject the hypothesis that the Eurasian 
invasion resulted from a single introduction into the Black Sea followed by 
secondary, ‘hub and spoke’ invasions throughout Eurasia. Rather, our results 
support the alternative view that at least two separate invasions from different 
pathways were involved in the invasion of Eurasia. I suggest that an initial 
invasion from the Gulf of Mexico region (e.g. Florida) to the Black Sea was 
followed by a second introduction from a more northerly Atlantic region (e.g. 
Narragansett Bay) to the Baltic Sea. Subsequent to colonization of the Black 
Sea, invasion of the Sea of Azov would be relatively straightforward given the 
natural connection between these basins (Shiganova et al. 2001b). In addition, 
the Don-Volga canal, which links the Don River and the Sea of Azov to the Volga 
River and the Caspian Sea, allows commercial vessels to move between these 
basins. Discharge of contaminated ballast water from the Black/Azov Sea likely 
accounts for invasion of the Caspian Sea (Shiganova et al. 2004). 
Molecular marker and phylogenetic pattern 
Although our analyses of genetic structure of native and introduced 
ctenophore populations are based on a single marker, the resolution found at the 
ribosomal ITS locus was sufficient to reconstruct the invasion history. The length 
of ITS and its underlined allelic and nucleotide diversity varies greatly among 
different marine invertebrates, even at the intraspecies level. In the marine 
mollusk Tridacna crocea, ITS1 showed considerable (29%) variation including 
insertions/deletions (indels) (Yu et al. 2000). Conversely, ITS1 and ITS2 showed 
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no length variation and had only 0.9% and 2.2% variation, respectively, in the 
sponge Crambe crambe (Duran et al. 2004). Previous genetic study of M. leidyi 
along the Netherlands coast indicated very low variation at ITS1, with only one 
nucleotide difference between sequences (Faasse and Bayha 2006). I found four 
polymorphic ITS1 sites which resulted in 1.7% variation, mainly due to the global 
geographical coverage of our study. Although the global nucleotide diversity was 
rather low (pi = 0.002), I found relatively high allelic diversity (h = 0.814), which 
enabled us to reconstruct the invasion history of M. leidyi.  
Neighbor joining phylogenetic reconstruction and the network analysis 
demonstrate very close evolutionary relationships among alleles and no evident 
phylogeographic structure. A relatively recent geographic expansion across the 
Atlantic coasts of North America could explain the lack of phylogeographic 
structure and the strong relatedness between alleles as only a few mutation 
steps were observed between them.  
Genetic diversity and population differentiation 
Most of the introduced populations, except those from the Azov and Baltic 
Seas, showed significant deviation from Hardy-Weinberg equilibrium (Table 2.1). 
I detected lower observed than expected heterozygosity, possibly as a result of 
inbreeding and/or population admixture (i.e. Wahlund effect). M. leidyi is a 
simultaneous hermaphrodite with a capability of self-fertilization (Harbison and 
Miller 1986, Frankham et al. 2002). Self-fertilization is likely to occur during the 
initial colonization phase, when population size would be comparatively low 
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(Shiganova et al. 2007). Alternatively, population admixture resulting from 
multiple introductions from different source populations could temporally 
contribute to the observed departure from Hardy-Weinberg equilibrium. 
A number of studies have reported that introduced populations have 
higher genetic diversity than the native populations from which they were drawn 
(e.g. Brown and Stepien 2009, Gillis et al. 2009). These patterns may result from 
populations being seeded by multiple introduction events from genetically distinct 
sources (Kelly et al. 2006, Roman and Darling 2007). It is possible, therefore, 
that multiple introductions can account for patterns observed with respect to 
genetic diversity in introduced populations of M. leidyi. Introduced populations 
had similar allelic diversity to putative source populations, although those in the 
Black and Caspian Sea had higher diversity – including the private alleles L and 
M – than any surveyed source.  
Populations of M. leidyi in the Black and Caspian Seas exhibited very 
similar allelic diversity, and the low FST value suggests high genetic affinity of 
these populations (Tables 2.1, 2.3). Moreover, populations of the ctenophore 
collected from the northern and southern Caspian Sea – across which profound 
thermal and salinity gradients exist – also exhibited little population differentiation 
(Table 2.4). Low frequency alleles were not detected in the populations sampled 
from the Black Sea (Figure 2.1). I suggest that this balanced allelic frequency is 
due to the recent demographic decline of the Black Sea population. M. leidyi was 
first detected in the Black Sea in the early 1980s, following which a second 
ctenophore, Beroe ovata, also invaded. Beroe suppressed M. leidyi in the Black 
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Sea (Finenko et al. 2001, Shiganova et al. 2003, Mutlu 2009) reducing its 
biomass size from 2000 to 200 gm-2 (Kideys and Romanova 2001). Since low 
frequency alleles tend to be lost first when the population size is low (Evans et al. 
2004), I surmise that predation by B. ovata may have caused a loss of rare 
alleles in the Black Sea population. 
Native populations exhibited high population differentiation with FST values 
ranging from 0.324 to 0.688. Introduced populations showed the same or less 
population differentiation with FST values ranging from -0.014 to 0.421. The 
lowest FST values between native and introduced populations were found 
between Florida and Black Sea (FST = -0.027) and the Baltic Sea and 
Narragansett Bay (FST = -0.018). The UPGMA tree based on Nei’s genetic 
distance recovers two clades supporting the population differentiation based on 
FST values. These results indicate that the invasion of M. leidyi into Eurasia has 
likely occurred through more than a single source, with the Gulf of Mexico (e.g. 
Tampa Bay, Florida) the most likely source of the Black and Caspian Sea 
populations, and northern part of native distribution range (e.g. Narragansett 
Bay) the source of the Baltic population. These patterns must be interpreted with 
caution, however because undersampling in the native range may result in 
inappropriate assignment of source populations or misidentification of the 
number of source populations contributing to introduced populations (see 
Muirhead et al. 2008). I am confident that our narrow coverage in South America 
has not affected our interpretation of invasion pathways for M. leidyi. Individuals 
from PV in Argentina were all homozygous for a single private allele, indicating 
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that although the sample size of this population is low, it clearly was not the 
source of any Eurasian populations. The global genetic differentiation between 
Eurasian populations and PV was 0.534. According to Muirhead et al. (2008), 
with FST ~ 0.5 and with five individuals sampled from the putative source, the 
probability that the Eurasian populations were not derived from PV is 95%.  
Invasion pathways 
Ballast water is a potent vector for introducing NIS globally (Carlton 1985). 
M. leidyi was first recorded in the North and Baltic Seas in 2006 (Faasse and 
Bayha 2006, Javidpour et al. 2006). Faasse and Bayha (2006) suggested that 
due to higher than normal sea surface temperatures in recent years, expanding 
populations in Dutch ports of the southern North Sea could serve as a source of 
M. leidyi in the northeastern North Sea (Skagerrak and Kattegat) and possibly to 
the westernmost part of the Baltic Sea. Alternatively, they proposed that the 
Baltic could be colonized by individuals arriving via the Kiel-Canal from the North 
Sea.  Genetic evidence from our study supports invasion of Baltic Sea from 
northern part of native range in North America (e.g. Narragansett Bay; Figure 
2.2, Table 2.4), though three other possibilities exist. First, it is possible that the 
species could have been transported from the Black Sea in ballast water by ships 
traversing internal waterways in Europe, as has apparently occurred with other 
invaders (e.g. Cristescu et al. 2001). Secondly, the Volga River cascade provides 
a direct link from the Caspian Sea to the Baltic Sea, and ships could carry the 
species from south to north. These scenarios seem very unlikely, however, as 
genetic differentiation between these populations and the Baltic Sea was much 
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greater than that between Narragansett Bay and the Baltic Sea (Table 2.3, 
Figure 2.2). A third possibility is that the species was originally introduced to the 
North Sea from North America and transshipped to the Baltic Sea shortly 
thereafter (Faasse and Bayha 2006). If this hypothesis is correct, I would expect 
that genetic differentiation between the North and Baltic Seas and Narragansett 
Bay should be very low. Additional sampling is required for this possibility.  
Further expansion of M. leidyi can be anticipated (Richardson et al. 2009). 
Global warming may facilitate natural dispersal of M. leidyi in the North Atlantic 
Ocean (Oliveira 2007), while cultural eutrophication and fishing pressure appear 
to promote gelatinous zooplankton blooms to the detriment of other marine 
species (Purcell et al. 2007, Richardson et al. 2009). Moreover, presence of M. 
leidyi in key European ports predisposes the species to being loaded with ballast 
water and transported elsewhere. Given the adverse ecological and economic 
consequences associated with M. leidyi invasions, care must be taken by 
commercial vessels to reduce the likelihood of further invasions. The 
International Maritime Organization passed ballast water guidelines in 1993 that 
include not loading knowingly contaminated ballast water, and exchange of 
ballast water on the open ocean whenever possible (IMO 1993). Both of these 
prescriptions would seemingly reduce the likelihood of spreading M. leidyi to 
additional areas. 
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Figure 2.1. Allele distribution map of M. leidyi. Each colour indicates a different 
allele. Private alleles are highlighted in grey. Population codes are described in 
Table 2.1. 



	

Figure 2.2. Genetic distances of M. leidyi populations from native and introduced 
habitats, as determined by a UPGMA distance tree based on Nei’s genetic 
distance (Nei 1972). Black, Azov and Caspian Seas populations cluster 
separately from Baltic Sea population. The two recovered clusters suggest two 
likely invasion pathways between native North American (Atlantic Ocean) 
populations and introduced Eurasian ones. The South American population (PV) 
was excluded from this analysis because no polymorphism was detected in that 
population. 


	

Figure 2.3. Phylogenetic and network relationship between the 13 alleles 
identified in the combined alignment of the ITS-1, 5.8S and ITS-2 genes. (a) 
Neighbor joining phylogenetic tree based on nucleotide divergence calculated 
using Tamura-Nei model. The non-invasive allele G and K are represented in 
bold. (b) Network relationships among alleles for native and invasive populations, 
inferred by statistical parsimony. Circles correspond to sampled alleles described 
in Table 2 and Fig. 1. The size of the circles corresponds to the frequency of the 
allele among all samples. Colours are showing different sampling locations: AZ: 
Sea of Azov, BL: Black Sea, CS: Caspian Sea, BA: Baltic Sea, NA: North 
America, SA: South America. 



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CHAPTER 3 
Invasion pathway of the ctenophore Mnemiopsis leidyi in the 
Mediterranean Sea 
 
 
 
 
 
 
 
 
 
 
 
 
Ghabooli S, Shiganova TA, Briski E, Piraino S, Fuentes V, Thibault-Botha D, 
Angel D, Cristescu ME, MacIsaac HJ (2013) Invasion pathway of the ctenophore 
Mnemiopsis leidyi in the Mediterranean Sea. PLoS ONE 8: e81067 
	

3.1. Introduction 
Introduction of non-indigenous species (NIS) beyond their native range is 
considered a principal threat to marine ecosystems worldwide (Molnar et al. 
2008). The rate of such introductions accelerated in the past few decades in 
conjunction with increased maritime shipping and global trade (Ruiz et al. 2000, 
Hulme 2009). Maritime traffic often involves use of ballast water loaded in source 
ports and later discharged in destination ports, resulting in mass transfer of 
organisms between distant regions (Ruiz et al. 1997, Ruiz and Carlton 2003, 
Briski et al. 2013). Species with planktonic life stages have a high chance of 
interfacing with a shipping vector when ballast water is loaded, and thus of being 
moved around the world to new locations (Rejmanek and Richardson 1996). 
In recent years, gelatinous zooplankton outbreaks have raised concerns 
regarding the health of aquatic ecosystems (Link and Ford 2006). A number of 
biological traits of gelatinous zooplankton may contribute to global outbreaks by 
this group. For example, many gelatinous zooplankton have a broad diet, high 
growth rate, high fecundity, high regeneration, encystment, and even reverse 
development potential (Boero et al. 1996, 2002, Piraino et al. 2004), which 
enable them to overcome harsh conditions associated with the transport vector 
(i.e. ballast tanks) and successfully reach and establish in new environments 
(Piraino et al. 2002, Boero et al. 2008, Richardson et al. 2009). 
The Mediterranean Sea has an enormously rich native biodiversity, though 
it is also the world's most invaded marine ecosystem (Galil 2007, Edelist et al. 
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2013) and is considered at very high risk of future invasions from ballast water 
discharges (Seebens et al. 2013) and, especially, canal connections (Galil 2012, 
Zenetos et al. 2012). A total of 986 NIS have been recorded in the Mediterranean 
Sea, including 48 new species since 2011 (Zenetos et al. 2012). The eastern 
section of the Sea has accumulated a disproportionate number of these NIS, 
principally due to Lessepsian invaders (Hulme et al. 2008, Galil 2012, Zenetos et 
al. 2012) that colonized following opening of the Suez Canal with its link to the 
Indian Ocean.  
Knowledge of the source and pathways of NIS introductions is essential 
for developing management strategies to prevent invasions. A focus on areas at 
high risk of biological invasions is crucial and should be considered a 
management priority (Drake and Lodge 2004, Thomas et al. 2009, Seebens et al. 
2013). In this paper, I explore the spread of the ctenophore Mnemiopsis leidyi A. 
Agassiz 1865 to the Mediterranean Sea. Mnemiopsis leidyi is native to the 
western Atlantic Ocean from Massachusetts, USA to Argentina. The species is a 
simultaneous hermaphrodite capable of self-fertilization, may reach maturity at 
two weeks of age, and can release up to 10,000 eggs per day (Pang and 
Martindale 2008). Over the past 30 years, the species spread across Europe in a 
remarkable series of invasions, first entering the Black Sea (and Azov Sea) in 
early 1980s (Vinogradov et al. 1989), the eastern Mediterranean in early 1990s 
(mainly Aegean Sea where an established population was not reported, (Kideys 
and Niermann 1994, Shiganova et al. 2001), followed by the Caspian Sea in 
1999 (Ivanov et al. 2000).  
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Blooms of M. leidyi were reported throughout the Mediterranean Sea in 
2009, from eastern to western coastal areas (Boero et al. 2009, Fuentes et al. 
2009, Galil et al. 2009, Shiganova and Malej 2009). Previous studies have 
addressed invasion pathways of M. leidyi from its native region to Eurasia 
excepting the Mediterranean Sea (Reusch et al. 2010, Ghabooli et al. 2011). 
These studies suggested that M. leidyi was introduced to Eurasia via at least two 
pathways. The first invasion occurred from the Gulf of Mexico to the Black Sea, 
followed by secondary spread to the Caspian Sea (Reusch et al. 2010, Ghabooli 
et al. 2011). The second invasion was from the northern distribution of this 
species in the western Atlantic (possibly Narragansett Bay) to the Baltic and 
North Seas in northern Europe (Reusch et al. 2010, Ghabooli et al. 2011). 
However, the source of the M. leidyi population in the Mediterranean Sea 
remains unclear. Several possibilities can be envisaged. It is possible the species 
has spread exclusively from the Black Sea (Bolte et al. 2013) or other south 
Eurasian Seas in currents or in discharged ballast water. Alternatively, the 
species may have spread in discharged ballast water that originated in the North 
or Baltic seas, from the western Atlantic Ocean, or via a combination of the 
above pathways. To clarify the invasion pathway(s) of this species into the 
Mediterranean Sea, here I explore the population genetic structure of native and 
introduced populations using both mitochondrial (Cytochrome c Oxidase subunit 
I; COI) and nuclear ribosomal (Internal Transcribed Spacer; ITS) genes.  
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3.2. Materials and methods 
Ethics Statement 
No specific permits were required for the described field studies in 
Eurasia, North America or South America. The species collected is an invasive 
pest in Eurasia and is not protected throughout its range. Sampling points did not 
include any protected or private lands. 
Sample Collection and DNA Extraction 
A total of 286 M. leidyi individuals were sampled from five native 
(Narragansett Bay, Massachusetts; York River, Virginia; Morehead, North 
Carolina; Tampa Bay, Florida; Peninsula Valdes coast, Argentina) and 11 
introduced populations (two from the eastern Black Sea; Sea of Azov; north and 
south Caspian Sea; Baltic Sea; Limfjorden Fjord, Denmark; and Spain, France, 
Italy and Israel in the Mediterranean Sea). Individuals were preserved separately 
in 95% ethanol prior to genetic analysis. 
Genomic DNA was isolated from gelatinous lobe tissue of the ctenophores 
using the automatic extraction protocol described by Elphinstone et al. (2003), 
and DNeasy Blood and Tissue Kit (Qiagen Inc., ON, Canada). A fragment of the 
COI gene was amplified using the species-specific primers (Ml-COIF: 5’- 
TGTCGCCCAAATTACTGTTTC-3’ and Ml-COIR: 5’- 
TGACGGGGTAAACCTCATAAA-3’). Primers were designed in this study 
according to the available sequenced M. leidyi mitochondrial genome (GenBank 
accession no: NC016117). The universal primer pair, (ITS5F and ITS4R) (White 
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et al. 1990) was used to amplify the ITS-1, 5.8S gene, and ITS-2. I conducted 
PCR amplifications in a 40-µL reaction volume, with about 50 ng of genomic 
DNA, 1 unit of Taq DNA Polymerase (QIAGEN), 1 x PCR buffer, 2.5 mM of 
MgCl2, 0.2 mM of dNTPs, and 0.4 µM of each primer. PCR was performed with 
an initial denaturing step at 95°C for 1 min, followed by 35 amplification cycles 
(95°C for 30 s, 50°C for 30 s, 72°C for 50 s), and a final elongation step at 72°C 
for 7 min. 
Sequencing and Cloning Protocol 
I purified PCR products, which were then sequenced for both COI and ITS 
markers with forward (Ml-COIF) and reverse primers (ITS4R), respectively, using 
Big Dye terminator sequencing chemistry with an ABI 3130XL genetic analyzer 
(Applied Biosystems). Sequences were inspected, manually edited, and aligned 
using Codon Code Aligner 2.0 (Codon Code Corporation, Dedham, MA). 
Sequence of alleles containing double nucleotide calls (overlapping peaks) were 
cloned using Cloning and Amplification Kit (pSMART GC HK, Lucigen) according 
to Ghabooli et al. (2011).  
MtDNA Analysis 
I assessed diversity indices within populations, such as the number of 
haplotypes (n), haplotype diversity (h) and nucleotide diversity (pi) (Nei 1987) 
using DnaSP v5 (Librado and Rozas 2009). I constructed phylogenetic 
relationships among haplotypes using the neighbor-joining algorithm in MEGA 
version 4 (Tamura et al. 2007). I used a fragment of COI from a cydippid 
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ctenophore, Pleurobrachia pileus (GenBank accession no JF760211) as an 
outgroup. I generated a parsimony network of haplotypes using TCS 1.0 
(Clement et al. 2000). 
Nuclear marker (ITS) Analysis 
Using the protocol described above, I processed four new populations 
from Mediterranean Sea (Spain, France, Italy and Israel) as well as one more 
from the native range (MH from North Carolina) in addition to my previously 
published dataset which consisted of 190 individuals analyzed for ITS marker 
(Ghabooli et al. 2011, Chapter two). I measured genetic diversity within 
populations with number of alleles (Na), observed (HO), and calculated expected 
heterozygosity (HE) using GENEPOP (online version 
http://genepop.curtin.edu.au) and Arlequin version 3.1 (Excoffier et al. 2005). I 
used the Markov chain method to estimate the probability of significant deviation 
from Hardy-Weinberg equilibrium using GENEPOP. I determined genetic 
differentiation among populations from pairwise FST using Arlequin.  
To estimate the sufficiency of our sampling, I generated rarefaction curves 
using ECOSIM and 5000 random iterations (Gotelli and Entsminger 2006) for 
both haplotypes and alleles found in native region, and the Black-Azov and 
Mediterranean Seas. I estimated Chao-1 diversity (Chao and Shen 2003) using 
SPADE software version 3.1 (Chao and Shen 2006), based on the number of 
rare haplotype/allele present in sampled populations.  
  



3.3. Results 
Analysis of a 656-bp fragment of COI obtained from 241 individuals 
resulted in 17 different haplotypes in surveyed populations (GenBank accession 
nos KF435105 – KF435121). In total, I detected 29 variable sites (4.42%), 16 of 
which were specific to the divergent haplotype Ml01 from Peninsula Valdes, 
Argentina (2.43%). Ml03 and Ml09 were the most common haplotypes. I found 
haplotype Ml03 in all populations except in Peninsula Valdes, while Ml09 was not 
recovered from Peninsula Valdes, Limfjorden, or the Baltic Sea.  
I found twelve different haplotypes in native populations, all of which were 
present in introduced populations except for Ml01 from Peninsula Valdes, the 
single private haplotype at this site. I detected a total of 16 haplotypes among the 
introduced populations. Black-Azov Sea populations contained 11 haplotypes, 
which was higher than in all other introduced regions. Mediterranean Sea 
populations contained eight haplotypes, while those from the Caspian and Baltic 
seas had four haplotypes each. Out of eight haplotypes observed in the 
Mediterranean Sea, only Ml11 was not recovered from native populations in 
North America. Six haplotypes including Ml11 were detected in Black-Azov Seas. 
Two haplotypes from Mediterranean Sea populations were not found in either the 
Black or Azov Sea, though they were present in the native region, mainly in 
Florida and Morehead (Figure 3.1, Table 3.1). 
The Black-Azov Seas shared six haplotypes with native populations, while 
the other five haplotypes from this region were either private for one population 
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(Ml04, Ml05, Ml10, and Ml13) or shared with France in Mediterranean Sea 
(Ml11). All four haplotypes found in Caspian Sea populations were present in 
both the Black Sea and North America. The Baltic Sea and Limfjorden (Denmark) 
shared all of their haplotypes with the native region, mainly Narragansett Bay, 
and only one haplotype with other introduced populations (Figure 3.1, Table 3.1). 
The introduced population (BL) from Black Sea contained the highest 
number of haplotypes (n = 7) (Table 3.1). Among introduced populations, those 
from Limfjorden and the south Caspian Sea had the lowest number of haplotypes 
(n = 2 and 3, respectively). Native populations from Morehead and Peninsula 
Valdes exhibited the highest (n = 7) and lowest (n = 1) number of haplotypes, 
respectively (Table 3.1).  
Mean COI haplotype diversity (h) and nucleotide diversity (pi) in all 
introduced populations were 0.704 ± 0.059 and 0.0020 ± 0.0003, respectively. 
Comparable values in Mediterranean Sea populations were nearly identical, 
0.702 ± 0.008 and 0.0019 ± 0.0001, respectively. Native populations exhibited 
higher values for each of these indices (h = 0.850 ± 0.043 and pi = 0.0038 ± 
0.0007, respectively). I excluded the non-diverse individuals of Peninsula Valdes 
of South America from this calculation.  
The reconstructed phylogenetic relationship for the mtDNA haplotypes 
supported three main groups. The first group consists of the unique and highly 
divergent Ml01 haplotype restricted to South America, whereas the second one 
includes haplotypes Ml02, Ml07 and Ml08, which were common in northern areas 
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of the distribution range in North America and Europe (Narragansett Bay, Baltic 
Sea and Limfjorden). The rest of the haplotypes formed the third group (Figure 
3.2A). The complex parsimony haplotype network was star-shaped for the third 
group, with Ml03 in the middle. There were one or a few mutation steps between 
haplotypes, except for Ml01, which was separated from Ml03 by 19 mutation 
steps (Figure 3.2B). 
Chao-1 COI haplotype richness estimates were moderately higher than 
obtained values in Black-Azov Sea populations (15.2 vs. 11, respectively), 
indicating undersampling of these regions, although the lower 95% confidence 
interval limit (11.7) was marginally higher than observed diversity in the Black-
Azov Seas (Figure 3.3A). Chao-1 estimates for native region were also higher 
than the observed diversity (16 vs. 12), with the lower 95% confidence interval 
limit of 12.6 suggesting moderate undersampling of native region (Figure 3.3A).  
However, Chao-1 estimates for the Mediterranean Sea were similar to the 
observed diversity (8.1 vs. 8), with the lower 95% confidence interval limit of 8 
suggesting sampling was sufficient (Figure 3.3A). The percentage of singletons 
for the Chao analyses of the native region, Black-Azov and Mediterranean Seas 
was 33, 45, and 13, respectively. 
Analysis of the 619 bp DNA fragment comprising the complete ITS1, 5.8S 
rRNA and ITS2 regions obtained from 286 individuals of M. leidyi - including the 
190 individuals analyzed in our previous study (Ghabooli et al. 2011) - resulted in 
18 different alleles. I found five new alleles (GenBank accession nos KF435100 – 
KF435104) in the Mediterranean Sea and Morehead (Figure 3.1) which were not 
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previously identified. Alleles N and O were the most and least common, 
respectively. Alleles A and B were the most common in all populations (Figure 
3.1), consistent with the previous survey of Ghabooli et al. (2011).  
I detected thirteen different alleles in native populations, all of which were 
recovered from introduced populations, except for the private allele G from 
Peninsula Valdes (Figure 3.1). Mediterranean Sea populations had 10 alleles, 
eight of which were present in native region. There was one private allele (O) in 
Haifa, Israel (Figure 3.1). Only five of 10 alleles found in Mediterranean 
populations were shared with Black-Azov Sea populations. In total, I recovered 
seven alleles in the Black-Azov Seas, six of which were also obtained from North 
America. Alleles C and J in Baltic Sea, Limfjorden, and Narragansett Bay were 
not present in Mediterranean populations, consistent with Black, Azov and 
Caspian Seas (Figure 3.1, Table 3.1, see Ghabooli et al. 2011). 
The Chao-1 allele richness estimate for the Black-Azov Seas (Chao-1 
estimator = 8; lower 95% confidence interval = 7.1; allele richness = 7) indicates 
reasonably comprehensive sampling of this region (Figure 3.3B). For the native 
region, the estimated Chao-1 allele richness was 19.3, while the observed 
richness was 13, indicating undersampling of this area (Figure 3.3B). For 
Mediterranean Sea populations, the Chao-1 estimates were similar to the 
observed diversity (10.2 vs. 10) with the lower 95% confidence interval of 10 
indicating sufficient sampling in this region (Figure 3.3B). The percentage of 
singletons for the native region, and Black-Azov and Mediterranean Seas was 
38, 14, and 10, respectively. 
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Mean observed heterozygosity (Ho) was lower in introduced populations 
(0.56 ± 0.011) than in native ones (0.62 ± 0.12) (Table 3.1). Pairwise FST values 
in Mediterranean populations ranged from 0.011 to 0.033. All populations had 
highest FST values with Peninsula Valdes, Argentina due to fixation of a private 
and divergent allele in the South American population (Table 3.2).  
Introduced populations from the Mediterranean Sea had the lowest FST 
values with those from the Black and Azov Seas (FST = 0.001 – 0.028). However, 
Mediterranean Sea populations were also very similar to those from the Gulf of 
Mexico (FL) and North Carolina (MH) in the native region (FST = 0.010 – 0.032; 
Table 3.2). Within the Mediterranean Sea, populations from Spain and France 
had the lowest FST value (0.011), while those in Italy and Israel were most 
divergent (FST = 0.033). Individuals from Limfjorden, Denmark had the lowest FST 
with Baltic Sea (FST = 0.015), and with Narragansett Bay (FST = 0.021) in the 
native region (Table 3.2).  
3.4. Discussion 
In this study, I build upon our previous study to explore genetic diversity, 
and determine the source(s) of, Mnemiopsis leidyi populations in the 
Mediterranean Sea using both mitochondrial (COI) and nuclear (ITS) markers. 
Our results support a multiple source model, composed by at least two different 
introduction pathways. One source of M. leidyi in the Mediterranean appears to 
have originated from Black Sea, consistent with the view of Bolte et al. (2013) 
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and with natural flows between the basins. However, I propose a second 
possible invasion pathway, originating from North America (Gulf of Mexico). 
Genetic diversity and population differentiation 
Introduced populations in the Mediterranean Sea exhibited lower values of 
haplotype diversity (0.702 ± 0.008) and observed heterozygosity (0.58 ± 0.05) 
relative to native ones (0.850 ± 0.043 and 0.62 ± 0.19, respectively). However, 
none of the Mediterranean populations exhibited erosion of genetic diversity for 
either of the analyzed markers relative to their putative source populations. This 
pattern could be driven by repeated introductions from the native range as well 
as from the adjacent Black Sea area, given intense vector activity between these 
regions and the high diversity of source populations (Roman and Darling 2007, 
Seebens et al. 2013).  
Two Mediterranean Sea populations (Spain and France) exhibited 
deviation from Hardy-Weinberg equilibrium (Table 3.1). Both populations 
exhibited lower than expected heterozygosity, which can be explained by 
possible inbreeding and/or population admixture (i.e. Wahlund effect) (Harbison 
and Miller 1986, Ghabooli et al. 2011). I did not detect a heterozygosity deficit in 
other newly analyzed populations in Morehead and Limfjorden (Table 3.1).  
Mediterranean populations had the lowest FST with populations from the 
Black-Azov Seas (FST = 0.001 – 0.028). However, Mediterranean populations 
also exhibited low genetic differentiation with those from Florida and Morehead 
(FST = 0.010 – 0.032) in the native range. The highest genetic differentiation 
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occurred among introduced populations in Mediterranean or Black-Azov-Caspian 
seas and those in the Baltic Sea and Limfjorden (Denmark), ranging from 0.177 
to 0.417 (Table 3.2). High genetic divergence between introduced populations 
implies very low or lack of genetic connectivity and gene flow among these 
locations, implying that northern populations were not responsible for invasion of 
the Mediterranean Sea. As well, initial reports of invasion of the Mediterranean 
Sea occurred prior to those from the Baltic or North Seas (Kideys and Niermann 
1994, Shiganova et al. 2001).   
Our results suggest that the Black-Azov Seas are a likely source of M. 
leidyi in the Mediterranean Sea, in accordance with Bolte et al. (2013).  It is 
important to note, however, that the presence of similar alleles and haplotypes in 
the Mediterranean Sea and native populations – specifically those in the Gulf of 
Mexico and North Carolina – suggest a possible invasion pathway from North 
America. Namely, two COI haplotypes (Ml16 and Ml17) found in Mediterranean 
populations were not recovered from Black or Caspian Seas, but were present in 
native populations (Figure 3.4A) in North America (Florida and Morehead). 
Similarly, our ITS survey revealed five new alleles for this species which were not 
recovered from populations in Sea of Azov, Black or Caspian Seas (Figure 3.4B). 
Although the absence of the above alleles/haplotypes in Black and Caspian Seas 
populations may be explained by insufficient sampling from these regions or by 
seasonal, variation in frequency of genotypes/haplotypes, or other ecological and 
evolutionary processes, the possibility of introduction of M. leidyi from the native 
source region cannot be excluded. This conclusion is supported by our Chao-1 
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diversity estimates and rarefaction curves for native and Black-Azov Seas 
populations. These analyses indicate that our sampling recovered most of the 
diversity present in native and especially in the Black-Azov Seas and, therefore, 
the Black Sea as a sole source seems less likely.  
The Mediterranean Sea receives an enormous flow of global shipping 
(Edelist et al. 2013, Seebens et al. 2013). The tropical Western Atlantic Ocean is 
a source of trade to the Mediterranean Sea, and places it at risk of future 
invasions from discharged ballast water (Seebens et al. 2013). Moreover, high 
shipping activity within the Mediterranean Sea itself poses additional risk of 
translocation of M. leidyi and other NIS throughout the basin (Seebens et al. 
2013).  
Despite M. leidyi’s dynamic invasion history, I observed geographic 
structure with some haplotypes/alleles being restricted to particular latitudes. The 
geographic distribution of genetic diversity is clearly not random and appears to 
reflect adaptation to specific biogeographic conditions. It is likely that this 
association is not only due to vector directionality but also to ecological and 
evolutionary processes (Facon et al. 2006). The three haplotypes forming the 
second group in the NJ tree are very common in the northern region and less 
prevalent elsewhere (Figure 3.2A). The rest of the haplotypes that form the star 
in the parsimony network are distributed mainly in warmer waters and some were 
not found at all in northern regions (Figure 3.2B). Shifts in haplotype/allele 
frequencies are expected due to selection to local conditions. Some 
haplotypes/alleles could become dominant in several generations if they are 
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strongly favored by selection or linked to regions favored by selection (Woods et 
al. 2012, Goldstien et al. 2013). 
Genetic differentiation among native populations was relatively high (FST = 
0.036 – 0.437), suggesting some structuring and limited gene flow in the native 
region. The private haplotype Ml01 was separated from other haplotypes by at 
least 15 mutation steps. All other haplotypes had only one or a few mutation 
steps between them. Pairwise genetic differentiation, parsimony network 
analysis, and phylogenetic reconstruction of haplotypes demonstrate high 
genetic divergence between South America and all other locations, 
notwithstanding the paucity of samples available from the former region. Long-
term isolation of populations could explain the observed divergence. Pleistocene 
glacial periods in the northern hemisphere could drive high genetic divergence 
between South America and North America, resulting in population fragmentation 
(Zamud and Savage 2003). However, further studies and more comprehensive 
sampling of the region, especially South and Central America, could shed light on 
the degree of isolation between populations along the western Atlantic coast. Our 
present, albeit very limited analysis does not support an introduction pathway for 
M. leidyi between South America and Eurasia. 
Introduction pathways 
Genetic analyses have revealed pathways of M. leidyi introduction into 
major Eurasian Seas (Reusch et al. 2010, Ghabooli et al. 2011, Bolte et al. 
2013). M. leidyi entered the Black Sea via ships’ ballast water from the Gulf of 
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Mexico region. Spread of M. leidyi into the Sea of Azov occurred via the natural 
connection between these basins (Shiganova et al. 2001). Secondary 
introduction into Caspian Sea likely occurred through ballast water discharged by 
a vessel after transiting the Volga-Don canal (Shiganova et al. 2004). A second 
pathway from a port in New England, possibly Narragansett Bay, was likely 
responsible for the translocation of M. leidyi into the Baltic Sea, with subsequent 
spread into the North Sea (Reusch et al. 2010). The Mediterranean Sea was the 
most recent European basin invaded, with the eastern portion of the basin 
colonized first. Water flow between the Black and Mediterranean seas could 
account for this invasion, with subsequent transfer within the latter 
accommodated by a combination of ballast transfer and natural spread. Bolte et 
al. (2013) used six microsatellite data to suggest a Black Sea source of M. leidyi 
in the Mediterranean Sea. However, in this study, genetic differentiation of North 
American and Mediterranean Sea populations was only slightly greater than that 
with populations from the Black Sea (Table 3.2). In addition, there were more 
haplotypes/alleles present in the Mediterranean Sea that were not shared by 
Black-Azov populations than with those from the Gulf of Mexico region (Table 
3.1). Finally, there exists substantial ballast water movement from the Gulf region 
to the Mediterranean Sea (Seebens et al. 2013). Each of these lines of evidence 
supports the view that North America could have been an additional source of 
the introduced population in the Mediterranean Sea. The analysis of ITS and COI 
data in this study are consistent with the hypothesis of multiple introductions, with 
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both native and Black Sea populations serving as sources of M. leidyi in the 
Mediterranean Sea. 
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Figure 3.2. Phylogenetic analyses of Mnemiopsis leidyi. Phylogenetic and 
network relationship between the 17 haplotypes identified in the alignment of COI 
(A) Neighbor joining phylogenetic tree based on nucleotide divergence calculated 
using Tamura-Nei model. (B) Network relationships among haplotypes for native 
and introduced populations, inferred by statistical parsimony. Pie charts 
correspond to sampled haplotypes described in Figure 3.1. The size of the charts 
corresponds to the frequency of the haplotype among all samples. Black circles 
indicate missing haplotypes and each line represents a single mutation step. 
Colours show different locations for recovered haplotypes: green: native region, 
blue: Northern Europe, red: Ponto-Caspian region, and yellow: Mediterranean 
Sea. 



Figure 3.3. Rarefaction curves and Chao-1 estimates for Mediterranean Sea and 
putative source populations. Sample-based rarefaction curves of native 
populations (green line, ±95% C.I.), Black-Azov Seas (black line, ±95% C.I.), and 
Mediterranean Sea (blue line, ±95% C.I.) for (A) COI haplotypes and (B) ITS 
alleles found in surveyed Mnemiopsis leidyi populations. Estimates of haplotype 
and allele richness (Chao-1, ±95% C.I.) are shown in each panel for native 
populations (green bar), Black-Azov Seas (black bar), and Mediterranean Sea 
(blue bar). Note the break in the y-axis scale. 

 
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CHAPTER 4 
Genetic diversity in introduced golden mussel populations corresponds to 
vector activity 
 
 
 
 
 
 
 
 
 
 
 
 
Ghabooli S, Zhan A, Sardiña P, Paolucci E, Sylvester F, Perepelizin PV, Briski E, 
Cristescu ME, MacIsaac HJ (2013) Genetic diversity in introduced golden mussel 
populations corresponds to vector activity. PLoS ONE 8: e59328 
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4.1. Introduction 
Blackburn et al. (2011) proposed a unified framework for biological 
invasions that incorporates both distinctive stages for species moving between 
native habitats and those they are introduced into, and barriers between stages 
that serve to reduce overall invasion success. Differences among non-indigenous 
species (NIS), the vectors that spread them, and environmental characteristics of 
donor and recipient regions magnify the complexity of studying biological 
invasions (Zhan et al. 2012a). Studies of population genetic structure of NIS have 
proven invaluable to our understanding of the invasion process and, in particular, 
to evolutionary aspects of invasions (Rius et al. 2008, Gillis et al. 2009, Rollins et 
al. 2009). However, rapid and complex dynamics of human-mediated invasions 
can limit the applicability of genetic methods, which are mostly predicated on the 
existence of an equilibrium between key factors driving evolution (e.g. mutation, 
drift, selection). Therefore, it is essential to appreciate such limitations when 
studying genetics of introduced species, and to ask questions that can be 
answered using available resources (Fitzpatrick et al. 2012). 
The distribution and genetic structure of introduced populations can exhibit 
complex patterns (Zhan et al. 2012a). A modern view of biological invasions 
recognizes that eroded genetic diversity (Cristescu et al. 2001, Chandler et al. 
2008) is not ubiquitous among introduced populations, as numerous studies have 
documented similar or increased genetic diversity owing to multiple introductions 


and/or high propagule pressure (Taylor and Keller 2007, Darling et al. 2008, 
Ghabooli et al. 2011, Handley et al. 2011). Propagule pressure refers to the 
number of individuals introduced to a region, and consists primarily of the 
number of introduction events (i.e. propagule number) and the number of 
individuals introduced per event (i.e. propagule size) (Lockwood et al. 2009, 
Simberloff 2009). Both components can affect genetic diversity of introduced 
populations. High propagule size may enhance establishment probability by 
lessening demographic stochasticity and the severity of genetic bottlenecks 
(Roman and Darling 2007, Simberloff 2009). Increased propagule number 
diminishes the degree of environmental stochasticity and can increase the 
occurrence of admixture from different source populations (Kolbe et al. 2004, 
Kelly et al. 2006, Ashton et al. 2008). Admixed populations may thus present with 
similar or even higher genetic diversity than any single native population 
(Therriault et al. 2005, Kelly et al. 2006, Roman 2006, Roman and Darling 2007, 
Handley et al. 2011). 
 Genetic variation in introduced populations also depends on the structure 
of the source population (Lavergne and Molofsky 2007, Geller et al. 2010). For 
instance, introduced populations of the zebra mussel Dreissena polymorpha in 
North America exhibit low but not severely diminished haplotype diversity relative 
to putative source populations in the Black Sea (Brown and Stepien 2010). Some 
introduced populations appear to possess genotypes better adapted to changing 
environments than native ones, and they may become highly invasive in the 


invaded habitat (Handley et al. 2011). Novel genotypes may appear in introduced 
populations owing to hybridization of different lineages seeded from divergent 
source populations or to hybridization with native species (Lavergne and 
Molofsky 2007, Keller and Taylor 2008).  
The nature of transmitting vector can define the extent of propagule 
pressure and the genetic composition of introduced populations received from 
the source region Wilson et al. 2009). Ships’ ballast water and hull fouling are 
recognized as major vectors in aquatic human-mediated invasions (Carlton 1985, 
Ricciardi 2006, Molnar et al. 2008, Briski et al. 2010, Briski et al. 2011). Areas 
receiving significant numbers of ship visits are at higher risk of biological 
invasions due to both ballast water discharge and/or hull fouling (Ricciardi 2001, 
Drake and Lodge 2004). Certain life history characteristics may enhance the 
ability of species to invade (Rejmanek and Richardson 1996). For example, 
planktonic species (i.e. holoplankton) or those with planktonic life stage (i.e. 
meroplankton) have a higher chance of interfacing with a transport vector and of 
being carried to new region relative to species with strictly sessile, benthic life 
histories. Also, meroplanktonic species benefit from different types of transmitting 
vectors during their life cycle.  
In this study, I explore genetic consequences of global spread of the 
golden mussel Limnoperna fortunei, a freshwater mytilid native to mainland 
China, Korea, Cambodia, Indonesia, Laos, and Vietnam (Tchang et al. 1965, 
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Huang et al. 1980, Temcharoen 1992, Uryu et al. 1996, Ricciardi 1998). The 
mussel was reported in Hong Kong in 1965, followed by Japan and Taiwan in 
late 1980s (Nakai 1995, Ricciardi 1998), and then in South America in 1991 in 
Argentina’s Río de la Plata estuary (Darrigran and Pastorino 1995). Limnoperna 
thereafter expanded its distribution very rapidly into Uruguay, Paraguay, Brazil 
and Bolivia, traveling an average of 240 km per year (Darrigran 2002).  
Japan, Taiwan, Korea, and parts of China are considered at high risk for 
biological invasion on the basis of ship traffic volume, while the opposite is true 
for South America (Drake and Lodge 2004). In addition to possible introduction of 
L. fortunei via discharged ballast water (Pastorino and Darrigran 1993), evidence 
suggests a second possible introduction pathway. It is possible that L. fortunei 
was introduced to Japan via aquaculture as a ‘fellow traveler’ with stocked Asian 
clams Corbicula fluminea imported from China (Magara et al. 2001). This means 
L. fortunei could be introduced in Asia via at least two possible vectors (i.e. 
ballast water and aquaculture), whereas only a single vector (i.e. ballast water) 
appears possible for invasions in South America. Consequently the likelihood of 
admixed introduced populations should be lower in South America than in Asia. 
This pattern serves as the basis of our first hypothesis: introduced populations of 
L. fortunei in South America will be genetically impoverished relative to 
introduced ones in Asia. Introduced populations in Asia (Japan and Taiwan) are 
separated by geographical barriers (marine water) whereas introduced South 
American populations have spread upstream from the putative initial invasion site 
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in the Río de la Plata estuary along the Paraná, Uruguay, and Paraguay rivers. 
This pattern serves as the basis of our second hypothesis: gene flow is more 
limited among introduced Asian populations than among South American ones, 
and, as a result, genetic differentiation is more pronounced among introduced 
Asian populations. To test these hypotheses I used the cytochrome c oxidase 
subunit I (COI) gene and microsatellite markers to study genetic structure of this 
species in both continents. 
4.2. Materials and methods 
Ethics Statement 
No specific permits were required for the described field studies in Asia 
and South America. The species collected is an invasive pest in South America, 
Japan, and Taiwan and is not protected throughout this range. Sampling points 
did not include protected or private lands. 
Sample collection, DNA extraction and PCR 
Limnoperna fortunei was sampled from 24 locations in Asia and South 
America, distributed across both native and introduced regions (Figure 4.1). 
Samples were collected from ten locations in Asia, including four from mainland 
China (native range), three from Japan, one from Korea (native range), and two 
from Taiwan, as well as 14 locations in South America covering the invaded 
range in the Paraná-Uruguay delta and the Río de la Plata estuary. 
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Genomic DNA was extracted from a piece of posterior abductor muscle 
using the protocol of Elphinstone et al. (Elphinstone et al. 2003). A fragment of 
the COI gene was amplified using species-specific forward primer, Limno-COIF1 
(Pie et al. 2006), and universal reverse primer, HCO2198 (Folmer et al. 1994). 
PCR was performed with an initial denaturing at 94°C for 4 minutes followed by 5 
cycles of 94°C for 50s, 60°C for 50s, 72°C for 60s, 35 cycles of 94°C for 50s, 
55°C for 50s, 72°C for 60s, and a final elongation at 72°C for 5 minutes. Purified 
PCR products were sequenced using the reverse primer and BigDye Terminator 
3.1 chemistry with an ABI 3130XL automated sequencer (Applied Biosystems, 
Foster City, CA). All sequences that contained ambiguous sites were 
subsequently sequenced with the forward primer. I genotyped all populations at 
eight microsatellite loci (Zhan et al. 2012b). Fragment analysis was performed 
using an ABI 3130XL automated sequencer with GeneScan™–500 LIZ™ size 
standard. Allele sizes were decided using GeneMapper version 3.7 (Applied 
Biosystems). In order to validate the scoring results, I re-ran random samples 
from multiple plates.  
MtDNA analysis 
Sequences were aligned using CodonCode Aligner 2.0 (CodonCode 
Corporation, Dedham, MA) and then manually edited. The possibility of doubly 
uniparental inheritance (DUI) of mitochondrial genome observed in other 
Mytilidae species was tested and ultimately excluded according to the method 
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described by Gillis et al. (2009). The best fit evolutionary model was estimated 
using MRMODELTEST version 3.7 (Posada and Crandall 1998) with the 
Bayesian Information Criterion (BIC). Bayesian phylogenetic analysis was 
conducted with MRBAYES version 3.2 (Ronquist and Huelsenbeck 2003). Trees 
were sampled every 500 generations for five million generations and the first 
25% of the sampled trees were discarded as burn-in. A sequence for the green 
mussel Perna perna was used as the outgroup (GenBank accession no: 
EF493941).   
A parsimony haplotype network with 95% connection probability (Posada 
and Crandall 2001) was generated using TCS v.1.21 (Clement et al. 2000) to 
resolve relationships among haplotypes. Sixteen COI sequences of L. fortunei 
from Japan were retrieved from GenBank (Accession nos. AB520611 – 
AB520627) and included in phylogenetic analyses.      
The number of haplotypes (n), haplotype diversity (h), and nucleotide 
diversity (pi), were estimated using DnaSP 5.0 (Librado and Rozas 2009). 
Genetic differentiation between populations was determined by ФST with the 
Tamura-Nei substitution model implemented in ARLEQUIN version 3.1 (Excoffier 
et al. 2005). Sequential Bonferroni corrections were used to adjust the 
significance level for multiple comparisons (Rice 1989). Hierarchical genetic 
structure was assessed using analysis of molecular variance (AMOVA) based on 
10,000 random permutations in ARLEQUIN. Populations were grouped based on 
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a priori expectations according to their geographical origin into two groups: i) all 
South American populations versus all populations from Asia; and ii) based on 
their geographic region within Asia (samples were divided as native: China, 
Korea  and introduced: Taiwan, Japan) and within South America (samples were 
divided based on river basins into six regions: I Upper Paraguay (CO), II Paraná 
River (RB, IT, YR, YD and SA), III Uruguay River (UR), IV Río Tercero (RT), V 
Sao Gonçalo (SO), and VI Paraná Delta – Río de la Plata (EC, TI, QU, SL and 
MA).  
Microsatellite analysis 
Genetic diversity indices including the number of alleles (A), allelic 
frequency (F), allelic richness (Ar), observed heterozygosity (HO), and expected 
heterozygosity (HE) were measured using FSTAT v.2.9.3 (Goudet 2001). Allelic 
richness (Ar), which is an estimate of allelic diversity adjusted by the lowest 
sample size, was calculated using Fstat. Genetic differentiation among 
populations was examined by FST using ARLEQUIN. Similar to ФST, sequential 
Bonferroni corrections were used to adjust the significance level for multiple 
comparisons (Rice 1989). Due to recent criticisms on the use of FST and the 
interpretation of population differences, I also calculated one of the corrected FST 
–like indices Jost’s D (Jost 2008) using the online software SMOGD (Crawford 
2010). I also performed AMOVA on microsatellite data using the same criteria 
used for COI dataset to group populations.  
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To further investigate population genetic structure of L. fortunei, I 
employed a Bayesian clustering method using STRUCTURE v. 2.3.3 (Pritchard 
et al. 2000). The range of possible clusters (K) was tested from one to 24 (total 
number of populations) and ten independent runs for each K value were set at 
106 Markov chain Monte Carlo (MCMC) iterations, with an initial burn-in of 105. I 
followed the method of Evanno et al. (Evanno et al. 2005) to determine the value 
of K. I assessed possible hierarchical genetic structure by conducting separate 
Bayesian analyses on populations from South America (K from 1 to 14), and Asia 
(K from 1 to 10), plus Taiwan and Japan (K from 1 to 5). A three-dimensional 
factorial correspondence analysis (3D-FCA) was performed using GENETIX v. 
4.05 (Belkhir et al. 2004). Contrary to STRUCTURE, this method does not 
assume Hardy- Weinberg Equilibrium and was used to validate results obtained 
from STRUCTURE.  
4.3. Results 
Analysis of the whole 510-bp alignment obtained from 697 individuals 
resulted in 32 mtDNA haplotypes for COI (GenBank accession Nos. HQ843794-
HQ843806, HQ84373808-09, JX177086-JX177102). All haplotypes were 
recovered after I used only female mussels (F-type haplotypes), suggesting that 
doubly uniparental inheritance (DUI) is not characteristic of L. fortunei. Of the 16 
Japanese haplotypes retrieved from GenBank, eight were identical to those 
detected in this study. The haplotype frequency map revealed a high level of 
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geographic structure (Figure 4.1). Native populations in mainland China and 
Korea and introduced ones in Asia (Taiwan and Japan) and South America, had 
similar haplotypes in each region with only a few haplotypes shared among these 
groups. One haplotype (Lfm03) was common in all but three Asian populations 
(KR, JP2, and JP3) (Figure 4.1, Table 4.1), although haplotype frequency 
differed in each region. I identified 12 haplotypes in South America, with three 
(Lfm01, Lfm04-05) common to most of the populations (Figure 4.1). Twenty-three 
haplotypes were found in Asia, three of which were shared with South America 
(Lfm02-03, and Lfm06; Table 4.1, Figure 4.1). 
The Bayesian phylogenetic tree showed a shallow structure lacking 
apparent phylogeographic structure (Figure 4.2A). I observed a similar pattern in 
the statistical parsimony haplotype network, with a star-shaped topology and only 
a few mutation steps among haplotypes (Figure 4.2B).  
I detected the highest number of haplotypes (n = 9) in population CH3 
sampled from mainland China, while only two haplotypes were recovered from 
population TW2 collected from Taiwan. Mean haplotype diversity (h) and 
nucleotide diversity (pi) in Chinese populations were 0.611 and 0.007, 
respectively, higher than those observed in invaded areas. Comparable values 
for South America were 0.595 and 0.004, while those in introduced populations in 
Asia were 0.439 and 0.004, respectively. Populations from Taiwan (TW1 and 
TW2) exhibited the lowest haplotype and nucleotide diversity (0.111 and 0.001, 
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respectively; Table 4.1). Pairwise values of ФST ranged from 0.005 – 0.945 in 
Asia, 0.000 – 0.077 in South America, and 0.003 – 0.867 between these two 
continents. These values were non-significant in South America, while most were 
significant in Asia or between the continents (Table 4.2). There was more genetic 
variance within (71.3%) than among (18.3%) populations (AMOVA; P < 0.001 
and 0.020, respectively; Table 4.3). 
I successfully genotyped 793 individuals from 24 populations at eight 
microsatellite loci, resulting in a total of 311 alleles. Mean allelic richness (Ar) 
ranged from 5 to 9.5, while mean expected heterozygosity (HE) and observed 
heterozygosity (HO) ranged from 0.518 to 0.858, and from 0.128 to 0.528, 
respectively (Table 1, Table S1). Mean expected heterozygosity (HE) and mean 
allelic richness (Ar) were higher in Asia as compared to South America (for HE: U 
= 0, Z = 4.07, P < 0.0001; for Ar: U = 17.5, Z = 3.04, P = 0.0012). Many loci (150 
of 192) deviated from Hardy-Weinberg equilibrium (HWE) and all exhibited 
heterozygosity deficiency (Table 4.1S). Genetic differentiation based on pairwise 
FST ranged from 0.015 to 0.319 among all population comparisons. FST values 
within Asia (0.067) and South America (0.046) were lower than those between 
the continents (0.257). Almost all FST values were significant in Asia and between 
Asia and South America while most of the FST values were non-significant in 
South America. In Asia, pairwise FST values were lower inside each geographic 
region (0.036 in mainland China, 0.025 in Taiwan, and 0.066 in Japan) as 
compared to the overall value (0.067) for the continent (Table 4.2). In South 
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America, the overall pairwise FST was 0.046, which is significantly lower than that 
of Asia (U = 200.5, Z = 2.89, P = 0.0019). I observed relatively high genetic 
differentiation between neighbouring populations in South America, for example, 
FST = 0.072 between EC and UR (separated by ~ 50 km), while some 
geographically distant populations exhibited relatively low FST values, for 
example, 0.004 between CO and QU (separated by ~ 2000 km). Similar to FST 
values, Jost’s D values were lower among populations in South America (D = 
0.00 – 0.074) than in Asia (D = 0.024 – 0.404), and between Asia and South 
America (D = 0.351 – 0.726) (Table 4). Genetic variance was greater within 
(80.8%) than among (13.9%) populations (AMOVA, P < 0.001; Table 4.3).  
Bayesian clustering analysis revealed two clusters when all populations 
were considered, corresponding to Asian and South American groupings (Figure 
4.3A). Likewise, only two groupings (K = 2) were supported when Asia (Figure 
3B) and South America (Figure 4.3C) were analyzed separately. Within Asia, 
populations from mainland China and Korea were grouped separately from those 
collected from Taiwan and Japan (Figure 4.3A). Populations from Taiwan and 
Japan could, in turn, be subdivided into two clusters (K = 2). Two populations 
from Taiwan (TW1, TW2), and one Japanese population (JP1) were grouped 
together, while the other two Japanese populations (JP2 and JP3) were clustered 
into another group (Figure 4.3D). South American clusters showed a genetically 
discontinuous distribution: some geographically distant populations were grouped 
in the same cluster, whereas some proximal ones were assigned to different 
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clusters (Figure 4.3C). The 3D-FCA revealed consistent results with the pattern 
obtained from Bayesian clustering method (Figure 4.3A1-D 
4.4. Discussion 
I used both mtDNA (COI) and nuclear markers (microsatellites) to contrast 
the geographical distribution of genetic diversity of Limnoperna fortunei in Asia 
and South America. Three major findings emerge from this survey. First, 
introduced populations in South America exhibited lower genetic diversity relative 
to comparable ones in Asia. Second, genetic variation was geographically 
structured in introduced populations on both continents. Third, our results 
suggest that more than one introduction event might have occurred in each of 
Asia and South America. Higher genetic diversity in the former is consistent with 
higher propagule pressure associated with introduction vectors from neighboring 
source regions.  
Expected heterozygosity (0.667 – 0.746) for introduced populations in 
Japan and Taiwan was higher than that in introduced South American ones 
(0.519 – 0.575). Both groups exhibited lower expected heterozygosity as 
compared to native populations in mainland China and Korea (0.701 – 0.858). 
The high number of haplotypes at the COI locus recovered from Japan, coupled 
with relatively high heterozygosity, suggests that L. fortunei has been introduced 
more than once and/or in large inocula (i.e. high propagule pressure). This 
conclusion is consistent with Tominaga et al.’s (2009) findings. It is possible that 
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L. fortunei was introduced to Japan via aquaculture as a ‘fellow traveler’ with 
stocked Asian clams, C. fluminea, imported from China (Magara et al. 2001). 
According to the Japan Fish Traders Association (JFTA, 2010) and the World 
Health Organization (WHO publications 2010), Japan is the largest importer of 
clams in Asia. China and Korea are the main sources of clams imported to 
Japan, and both countries host native populations of L. fortunei (Huang et al. 
1980, Uryu et al. 1996). For example, during the period 1989 – 2011, more than 
76% of freshwater clams imported to Japan originated from China or Korea 
(Trade Statistics of Japan 2012). Trade between Asian countries continues to 
grow, and with it the risk of further spread of L. fortunei to neighboring countries 
(Hulme 2009).   
I observed a low number of mtDNA haplotypes in Taiwan (n = 3), but 
rather high level of allelic richness (Ar = 7.3) and heterozygosity (HE = 0.7052) at 
microsatellite loci (Table 4.1). MtDNA has smaller effective population size (Ne) 
relative to nuclear DNA owing to its maternal inheritance and haploid nature. 
Therefore, the mitochondrial genome is expected to be more sensitive to 
bottleneck events than the nuclear genome (Avise et al. 1987). Similar genetic 
patterns have been observed in other non-indigenous species, such as the 
ascidian Ciona intestinalis (Zhan et al. 2012a). Two possible processes – 
sweepstakes reproductive success and dramatic demographic changes during 
translocation – could lead to stronger signatures of genetic drift on mtDNA (Zhan 
et al. 2012a). Taiwan, a major bivalve market in Asia for oysters and scallops, 
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imports animals mainly from the USA, Canada and Japan (WHO publications, 
2010). These imported species are mainly marine (Giese 1959), thus the risk of 
L. fortunei introduction from Japan through aquaculture appears to be low. L. 
fortunei has not yet been reported in USA or Canada. While aquaculture remains 
a possible vector for introduction to Taiwan, it is more likely active in Japan. The 
low haplotype diversity observed in Taiwan could be also result from inhospitable 
environmental conditions in primary introduction areas. It is also possible that the 
putative source population carries similar level of genetic diversity. Korea was 
also represented by a low number of haplotypes, and high nuclear allelic 
diversity, relative to native populations in mainland China (Table 4.1). However, 
since only one Korean population was surveyed, I suspect that this pattern might 
be the product of low sample size. 
Heterozygosity deficit was found in 77.6% of all analyzed microsatellite 
loci, including native populations in mainland China and Korea (Table 4.1S). This 
pattern has been reported in other invasive, freshwater bivalves, including 
quagga mussels (D. rostriformis bugensis) and zebra mussels (D. polymorpha) 
(Lewis et al. 2000, Elderkin et al. 2001, Astanei et al. 2005, Imo et al. 2010). 
Several factors including Wahlund effect, inbreeding, selection, and null alleles 
could contribute to a heterozygosity deficiency. I observed high PCR 
amplification success rate for all loci examined, suggesting that null alleles were 
likely not a major factor responsible for the heterozygosity deficit. Given that 
planktonic free-swimming larvae of L. fortunei can be transported both up- and 
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downstream through recreational boating, natural inland currents, and seasonal 
flooding, temporal and/or spatial Wahlund effect could account for the 
heterozygosity deficit, although inbreeding and selection cannot be completely 
dismissed.  
Genetic variation among populations 
In Asia, both mtDNA and microsatellite markers exhibited lower genetic 
differentiation within geographic regions as compared to that among regions. 
This finding is supported by a higher percentage of variance allocated among 
groups as compared to among populations within groups (AMOVA; Table 4.3). 
Japanese populations showed relatively high genetic differentiation, indicative of 
some population structure. This might be the result of separation of introduced 
populations of L. fortunei in each geographic region by a saltwater dispersal 
barrier, with inter-region gene flow limited to human-mediated translocation of 
propagules. In addition, distinct sources of introduction can drive genetic 
differentiation among regions. I observed high genetic differentiation between 
South American and Asian populations (FST = 0.180 – 0.306). High genetic 
differentiation has been reported in other freshwater invasive mussels, including 
D. polymorpha (FST = 0.006 – 0.263) and D. rostriformis bugensis (FST = 0.008 – 
0.267) (Brown and Stepien 2010). Our Bayesian analyses revealed fine-scale 
genetic structuring in Japan. One population from Japan (JP1) exhibited more 
admixtures with the other cluster containing populations from mainland China 



and Korea as compared to the other Japanese populations (JP2 and JP3), 
suggesting two possible genetically distinct sources for the introduced 
populations surveyed in Japan. A previous COI haplotype survey failed to 
recover fine-scale population genetic structure in Japan (Tominaga et al. 2009). 
Similar to JP1, populations from Taiwan (TW1, TW2) exhibited some admixture 
with the other cluster containing native populations. The low genetic 
differentiation between TW1 and TW2 indicates similar source(s) or high gene 
flow within Taiwan. Long-distance or “jump” dispersal of L. fortunei, to upstream 
areas due to ship-mediated translocation appears responsible for the patchy 
post-establishment spread of the species in South America (Boltovskoy et al. 
2006, Zhan et al. 2012b). Higher genetic differentiation among introduced 
populations in Asia relative to those in South America may be linked to the 
presence of geographical barriers between countries in Asia (e.g. East Sea 
China and Sea of Japan) as well as to possible genetically distinct propagule 
sources. The heterozygosity deficiency found in the surveyed L. fortunei 
populations violated the HWE assumption for STRUCTURE analyses. However, 
similar results were observed using another method (i.e. 3D-FCA) without this 
assumption.  
The parsimony network analysis and Bayesian phylogenetic 
reconstruction revealed a close relationship among haplotypes of L. fortunei. It 
appears that a recent geographic expansion of L. fortunei throughout its native 
distribution can explain its low phylogeographic structure. This finding suggests 
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that even in the native region, populations may still be expanding to areas not 
previously populated. Vector activity such as ship traffic between local ports in 
native region (e.g. mainland China and Korea) may have contributed to recent 
expansion of L. fortunei across its native range (Keller et al. 2011). 
Asia versus South America  
Our study suggests that introduced golden mussels carry less allelic 
diversity in South America than in Asia. A number of factors may contribute to 
this pattern. First, data from global ship traffic between 2005 – 2006 (Keller et al. 
2011) documented higher ship traffic to ports in Japan and Taiwan relative to 
those in Argentina (Figure 4.4). For example, Japan received about 3 x 104 ships 
from countries considered native for L. fortunei, whereas Argentina received only 
26 ships. Second, Taiwan and especially Japan may benefit from aquaculture 
transfers from adjacent Asian countries, notably mainland China. Third, given the 
comparatively short distance between Asian countries, hull fouling could effect 
local or regional spread. L. fortunei larger than 20 mm can tolerate anoxia for up 
to 18 days at 20 ºC (Perepelizin and Boltovskoy 2011), whereas it is unlikely that 
adults could survive ocean salinity (and hypoxia if valves are closed) while being 
transported on hull surfaces from Asia to eastern South America. The relatively 
high domestic traffic between local ports in each introduced country (Figure 4.4) 
suggests that shipping was a likely vector for secondary introduction of L. fortunei 
in these regions.  
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Although taxonomically distinct, L. fortunei, D. polymorpha and D. 
rostriformis bugensis share similar ecological and biological characteristics 
including planktonic larvae and a sessile, benthic adult stage. These life history 
traits suggest similar vectors could effect their human-mediated spread (i.e. 
ballast water and hull fouling). Also, golden mussel can be transported as a 
‘fellow traveler’ in aquaculture (Magara et al. 2001), while this vector is possible 
but far less likely for either of the two dreissenid NIS (Carlton 1993). Previous 
studies have assessed patterns of genetic diversity in populations of D. 
polymorpha and D. rostriformis bugensis in North America and Eurasia (May et 
al. 2006, Brown and Stepien 2010). Our survey of L. fortunei provides a good 
basis for comparison of the genetic characteristics of the three mussel species 
(Table 4.2S). When using microsatellites, all three species have similar level of 
genetic diversity across native and introduced regions (Table 4.2S). The higher 
number of COI haplotypes retrieved from L. fortunei (40 haplotypes) as 
compared to 11 found for D. polymorpha (Gelembiuk et al. 2006) and seven for 
D. rostriformis bugensis (Therriault et al. 2004) suggests that the former species 
did not experience historical population fluctuations following colonization like the 
latter species. For D. polymorpha, the Great Lakes appear to have served as a 
‘hub’ for subsequent expansion across North America (Brown and Stepien 2010). 
Similarly, the Río de la Plata estuary appears to have served as a ‘staging hub’ 
for subsequent spread of introduced golden mussels through much of eastern 
South America.  
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4.5. Conclusions  
Our findings suggest that L. fortunei’s introduction in both Asia and South 
America likely involved multiple introductions and high propagule pressure, 
resulting in populations with high genetic diversity relative to sampled native 
populations in Asia. Introduced populations exhibiting lower genetic diversity 
(South America) likely received lower propagule pressure relative to those with 
higher diversity (Japan). Our genetic survey shows how human-mediated 
introduction of NIS can create genetic complexities across introduced locations. 
Our study evaluates possible links between vector activity and genetic 
composition of a nuisance NIS at a global scale, and highlights the utility of  
incorporating population genetics and vector activity data to understand species 
dispersal patterns (Darling et al. 2012, Kowarik and Pyšek 2012). 
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Table 4.3. Analysis of molecular variance (AMOVA) for L. fortunei. Populations 
are grouped based on their geographical distribution; group 1 (10 populations 
from Asia, and 14 populations from South America) and group 2 (native regions 
in Asia: China, Korea, introduced regions in Asia: Japan, Taiwan and regions in 
South America: (CO), (RB, IT, YR, YD, SA), (UR), (RT), (SO), (EC, TI, QU, SL, 
MA)). P-values for all groups indicate significant differences. 
 
  
Source of  variation Sum of Variance Percentage P-value 
 squares components of variation  
mtDNA 
    
Group 1 (Asia and South 
America) 
    
Among groups 130.64 0.365 21.8 <0.001 
Among groups 130.64 0.365 21.8 <0.001 
Among populations within 
groups 
162.63 0.219 13.0 <0.001 
Within populations 736.00 1.094 65.2 <0.001 
Group 2 (region based)     
Among groups 206.46 0.282 18.3 0.002 
Among populations within 
groups 
86.81 0.158 10.3 <0.001 
Within populations 735.90 1.093 71.3 <0.001 
Microsatellite 
    
Group 1 (Asia and South 
America) 
  
 
 
Among groups 477.14 0.602 21.5 <0.001 
Among populations within 
groups 
226.22 0.125 4.5 <0.001 
Within populations 3239.0 2.074 74.0 <0.001 
Group 2 (region based)     
Among groups 598.68 0.432 13.9 <0.001 
Among populations within 
groups 
198.94 0.166 5.3 <0.001 
Within populations 3551.11 2.520 80.8 <0.001 



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Figure 4.2. Phylogenetic analyses of Limnoperna fortunei. Bayesian inference 
tree (A) based on the mitochondrial cytochrome c oxidase subunit I (COI) 
haplotypes. Numbers are posterior probabilities recovered by Bayesian analysis, 
and only values above 50% are shown. COI haplotype parsimony network (B) for 
L. fortunei in Asia and South America. Haplotype names as per Table 4.1. 
Haplotypes are indicated by circles, the size of which corresponds to frequency. 
Missing or unsampled haplotypes are indicated by black circles. Colours indicate 
different geographical regions from which the sample was collected. Haplotype 
names starting with K correspond to extra sequences from Japan retrieved from 
GenBank.
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Figure 4.3. Bayesian inference population genetic structure of Limnoperna 
fortunei. Bayesian clustering of L. fortunei based on eight polymorphic 
microsatellites in all 24 populations (A), populations collected from the native 
range in Asia (B), introduced populations in South America (C), and introduced 
populations in Asia (D). Each genotype is represented by a thin vertical line, with 
proportional membership in different clusters indicated by different colours. Bold 
vertical lines separate collection sites, with site identifications indicated below the 
plot. Site identification as per Table 4.1. Three-dimensional factorial 
correspondence analysis (A1 – D1) corresponding to the Bayesian clustering of 
L. fortueni. 
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Figure 4.4. Ship traffic for Taiwan, Japan and Argentina. The total number of 
ships visiting each country is divided into: ships departing from countries 
considered native for Limnoperna fortunei (black bars), ships traveling between 
domestic ports in each country (grey bars), and ships departing from other global 
ports (white bars). Data is derived from supplementary information (Keller et al. 
2011) provided by Lloyd’s Fairplay.   
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4.7. Supporting information  
Table S4.1. Genetic diversity at eight microsatellite loci for the golden mussel, 
Limnoperna fortunei, sampled from 24 locations across the global range in East 
Asia and South America. A, number of alleles; Ar, allele richness; HO, observed 
heterozygosity; HE, expected heterozygosity; PHW, exact P-value for Hardy-
Weinberg equilibrium test. The significance after sequential Bonferroni correction 
was bolded. 
  
 
ID 
 
Index 
   Microsatellite loci    
Average Lf04 Lf06 Lf07 Lf19 Lf21 Lf22 Lf23 Lf38 
TW1 A/Ar 16/9.4 13/10.1 6/4.6 20/9.7 12/7.1 6/5.5 9/4.6 9/7.3 11.4/7.3 
 
HO 0.2963 0.5200 0.5833 0.5714 0.6897 0.4091 0.2500 0.4167 0.4670 
 
HE 0.8498 0.9127 0.6153 0.7468 0.6945 0.7950 0.3422 0.7775 0.6673 
 
FIS 0.66 0.44 0.05 0.24 0.01 0.49 0.27 0.47 0.33 
 
PHW 0.0000 0.0000 0.3822 0.0526 0.0122 0.0003 0.0086 0.0000  
 
 
         
TW2 A/Ar 21/11.9 11/83 9/6.1 13/6.3 28/11.3 8/6.1 5/3.3 6/5.5 12.6/7.3 
 
HO 0.4146 0.5128 0.5897 0.3721 0.4883 0.3947 0.2051 0.4516 0.4286 
 
HE 0.9301 0.8578 0.7369 0.5543 0.8627 0.7923 0.4829 0.7282 0.7432 
 
FIS 0.56 0.41 0.20 0.33 0.44 0.51 0.58 0.38 0.43 
 
PHW 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0018  
 
 
         
JP1 A/Ar 10/8.7 5/4.9 8/6.8 9/7.6 8/7.3 5/5.0 5/4.5 5/4.9 6.9/6.2 
 
HO 0.3077 0.4616 0.5385 0.4286 0.4286 0.3000 0.6923 0.4615 0.4524 
 
HE 0.8031 0.7354 0.6862 0.7064 0.8492 0.7316 0.7200 0.7354 0.7460 
 
FIS 0.63 0.38 0.22 0.40 0.51 0.60 0.04 0.38 0.40 
 
PHW 0.0000 0.0037 0.2363 0.0251 0.0025 0.0063 0.1917 0.0079  
 
 
         
JP2 A/Ar 17/10.6 9/6.1 18/11.0 14/7.0 13/7.6 10/6.8 3/2.9 5/4.4 11.1/7.1 
 
HO 0.6923 0.3333 0.3333 0.4615 0.2759 0.2593 0.6000 0.3479 0.4129 
 
HE 0.9005 0.7475 0.9001 0.5716 0.8221 0.7435 0.5808 0.5015 0.7210 
 
FIS 0.24 0.56 0.63 0.20 0.67 0.79 -0.03 0.31 0.42 
 
PHW 0.0000 0.0000 0.0000 0.1513 0.0000 0.0000 0.0000 0.0128  
 
 
         
JP3 A/Ar 10/5.5 11/8.0 19/11.2 17/6.4 7/4.7 6/4.3 3/3.0 8/5.9 10.1/6.1 
 
HO 0.6042 0.3488 0.1395 0.5106 0.5909 0.1500 0.5000 0.5682 0.4265 
 
HE 0.7217 0.8460 0.9073 0.5797 0.6745 0.7038 0.6024 0.6844 0.7150 
 
FIS 0.16 0.60 0.85 0.12 0.13 0.70 0.17 0.17 0.36 
 
PHW 0.0539 0.0000 0.0000 0.0009 0.1730 0.0000 0.2648 0.0006  
 
 
         
KR A/Ar 18/11.3 17/11.1 8/5.8 15/10.6 30/15.8 11/8.4 8/5.9 9/7.1 14.5/9.5 
 
HO 0.3333 0.5172 0.1667 0.4286 0.5417 0.2500 0.3793 0.5714 0.3985 
 
HE 0.9134 0.9286 0.7828 0.8978 0.9690 0.8115 0.7562 0.8013 0.8576 
 
FIS 0.64 0.45 0.79 0.53 0.45 0.45 0.50 0.29 0.51 
 
PHW 0.0000 0.0000 0.0000 0.0000 0.0047 0.0000 0.0003 0.0004  
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ID 
 
Index 
   Microsatellite loci    
Average Lf04 Lf06 Lf07 Lf19 Lf21 Lf22 Lf23 Lf38 
CH1 A/Ar 31/12.6 12/8.4 17/8.2 22/8.1 33/13.1 12/7.4 8/6.1 9/6.7 18/8.8 
 
HO 0.4524 0.4634 0.4651 0.5556 0.5556 0.4250 0.5000 0.3824 0.4994 
 
HE 0.9337 0.8642 0.7335 0.7096 0.9348 0.7725 0.7038 0.7954 0.8059 
 
FIS 0.52 0.47 0.37 0.22 0.41 0.35 0.29 0.52 0.39 
 
PHW 0.0002 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000  
 
 
         
CH2 A/Ar 10/7.4 13/9.9 12/8.0 10/6.9 15/9.3 11/9.5 6/4.5 3/2.9 10/7.3 
 
HO 0.5500 0.8095 0.3810 0.5910 0.6364 0.5790 0.4546 0.2222 0.5280 
 
HE 0.7962 0.9083 0.6934 0.7040 0.8690 0.8848 0.4324 0.5222 0.7263 
 
FIS 0.32 0.11 0.46 0.16 0.27 0.15 -0.05 0.58 0.25 
 
PHW 0.0240 0.0040 0.0014 0.5703 0.0000 0.0062 0.8107 0.0031  
 
 
         
CH3 A/Ar 23/11.1 19/10.5 10/5.3 14/7.0 12/6.5 13/8.3 8/4.3 6/4.1 13.1/7.1 
 
HO 0.4773 0.6136 0.5455 0.6977 0.5910 0.6744 0.4090 0.1316 0.5175 
 
HE 0.9122 0.9146 0.5802 0.6799 0.7908 0.7959 0.4276 0.5035 0.7006 
 
FIS 0.48 0.33 0.06 -0.03 0.26 0.44 0.04 0.74 0.29 
 
PHW 0.0000 0.0000 0.5586 0.4736 0.0000 0.0000 0.0735 0.0000  
 
 
         
CH4 A/Ar 14/9.5 15/10.2 11/6.0 13/6.2 9/5.7 13/9.3 6/4.7 7/5.1 11/7.1 
 
HO 0.4643 0.4667 0.3103 0.5667 0.6552 0.5000 0.5000 0.1600 0.4529 
 
HE 0.8883 0.9147 0.4990 0.5085 0.7405 0.8825 0.5548 0.6237 0.7015 
 
FIS 0.48 0.49 0.38 -0.11 0.12 0.50 0.10 0.75 0.34 
 
PHW 0.0000 0.0000 0.0050 0.9137 0.0026 0.0000 0.2592 0.0000  
 
 
         
CO A/Ar 8/7.4 10/7.9 4/3.8 5/4.2 6/5.8 6/5.0 9/8.1 6/5.4 6.8/6.0 
 
HO 0.0345 0.4828 0.1333 0.1667 0.0370 0.1667 0.2500 0.5000 0.2214 
 
HE 0.7992 0.6630 0.4186 0.2340 0.6660 0.3299 0.5987 0.5649 0.5343 
 
FIS 0.96 0.30 0.69 0.30 0.95 0.50 0.59 0.12 0.59 
 
PHW 0.0000 0.0000 0.0000 0.2719 0.0000 0.0031 0.0000 0.0513  
 
 
         
RB A/Ar 7/6.2 12/9.5 3/3.0 6/4.9 9/7.6 6/4.9 7/6.1 5/5.0 6.9/5.9 
 
HO 0.1290 0.3750 0.2000 0.1111 0.0645 0.1613 0.1667 0.6207 0.2285 
 
HE 0.5643 0.6940 0.4333 0.2739 0.6536 0.3681 0.5588 0.7641 0.5387 
 
FIS 0.77 0.51 0.54 0.60 0.90 0.57 0.71 0.19 0.59 
 
PHW 0.0000 0.0000 0.0002 0.0002 0.0000 0.0005 0.0000 0.0023  
 
 
         
IT A/Ar 13/11.0 8/6.8 3/3.0 6/5.3 7/6.8 8/7.1 9/7.1 8/7.1 7.8/6.8 
 
HO 0.3000 0.4815 0.0667 0.1739 0.1667 0.3214 0.2143 0.5172 0.2802 
 
HE 0.8435 0.7254 0.4249 0.2821 0.8011 0.5539 0.3831 0.7187 0.5916 
 
FIS 0.65 0.36 0.85 0.39 0.80 0.47 0.51 0.28 0.54 
 
PHW 0.0000 0.0003 0.0000 0.0056 0.0000 0.0000 0.0000 0.0216  
           
YR A/Ar 13/11.8 9/7.9 3/2.7 4/3.8 8/7.7 5/4.6 6/5.8 6/4.4 6.8/6.1 
 
HO 0.0800 0.4348 0.0800 0.1111 0.1429 0.0417 0.0741 0.1923 0.1446 
 
HE 0.8833 0.6609 0.2800 0.2411 0.8240 0.3661 0.6178 0.4223 0.5369 
 
FIS 0.91 0.43 0.72 0.54 0.83 0.89 0.88 0.67 0.73 
 
PHW 0.0000 0.0030 0.0010 0.0014 0.0000 0.0000 0.0000 0.0000  
 
 
         
YD A/Ar 5/5.0 5/4.6 2/2.0 10/8.7 10/9.1 7/6.4 6/5.6 5/4.6 6.3/5.8 
 
HO 0.1667 0.1364 0.0400 0.2174 0.0345 0.0400 0.0455 0.3462 0.1283 
 
HE 0.7207 0.5708 0.1151 0.4860 0.6818 0.6114 0.5085 0.6154 0.5387 
 
FIS 0.77 0.77 0.66 0.56 0.96 0.94 0.91 0.44 0.75 
 
PHW 0.0000 0.0000 0.0630 0.0000 0.0000 0.0000 0.0000 0.0028  
 
 
         
SA A/Ar 10/8.9 8/6.6 3/3.0 5/3.7 9/7.9 7/5.7 7/5.4 8/7.6 7.1/6.1 
 
HO 0.4333 0.3125 0.0294 0.1482 0.0909 0.2424 0.1250 0.4546 0.2295 


 
  
 
HE 0.7927 0.6364 0.2884 0.1440 0.7324 0.4592 0.3373 0.7664 0.5196 
 
FIS 0.46 0.5 0.95 -0.03 0.88 0.48 0.63 0.41 0.54 
 
PHW 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000  
 
 
         
SO A/Ar 6/5.6 11/9.3 7/5.3 4/3.8 7/5.7 4/3.4 6/5.4 9/8.4 6.8/5.9 
 
HO 0.2000 0.4231 0.1471 0.0345 0.1290 0.1333 0.1852 0.5000 0.2190 
 
HE 0.6198 0.7376 0.4056 0.3612 0.7689 0.2955 0.4661 0.8220 0.5596 
 
FIS 0.68 0.45 0.71 0.91 0.83 0.56 0.61 0.40 0.64 
 
PHW 0.0000 0.0000 0.0000 0.0000 0.0000 0.0034 0.0002 0.0000  
 
 
         
UR A/Ar 6/5.7 7/6.8 4/3.7 4/4.0 5/5.0 3/2.8 5/4.7 8/7.7 5.3/5.1 
 
HO 0.0800 0.3462 0.1600 0.0455 0.1818 0.0833 0.2400 0.5000 0.2046 
 
HE 0.5706 0.7330 0.3200 0.4789 0.7452 0.2598 0.5559 0.7231 0.5483 
 
FIS 0.86 0.53 0.50 0.90 0.76 0.69 0.57 0.31 0.64 
 
PHW 0.0000 0.0000 0.0004 0.0000 0.0000 0.0004 0.0000 0.0316  
 
 
         
RT A/Ar 7/6.2 10/8.2 7/5.6 6/4.9 6/5.7 7/6.0 9/7.3 8/7.3 7.5/6.4 
 
HO 0.1333 0.3333 0.0667 0.1600 0.0000 0.1429 0.2333 0.3667 0.1795 
 
HE 0.4542 0.7000 0.3571 0.2604 0.7100 0.4792 0.5627 0.7068 0.5288 
 
FIS 0.71 0.57 0.82 0.39 1.00 0.76 0.65 0.49 0.68 
 
PHW 0.0000 0.0000 0.0000 0.0249 0.0000 0.0000 0.0000 0.0000  
 
 
         
EC A/Ar 11/9.7 12/10.1 3/2.7 7/5.1 7/6.6 6/5.6 7/5.8 6/5.0 7.4/6.2 
 
HO 0.0882 0.4412 0.0000 0.2105 0.0645 0.1035 0.0606 0.4000 0.1711 
 
HE 0.8635 0.7050 0.4132 0.2895 0.7081 0.5475 0.4960 0.5836 0.5758 
 
FIS 0.90 0.32 1.00 0.28 0.91 0.82 0.88 0.32 0.68 
 
PHW 0.0000 0.0073 0.0000 0.0374 0.0000 0.0000 0.0000 0.0413  
           
TI A/Ar 8/6.7 11/8.6 5/3.9 7/4.9 11/10.0 6/5.4 9/6.8 7/6.3 8.0/6.6 
 
HO 0.2051 0.4054 0.0526 0.0882 0.1212 0.1563 0.0857 0.4000 0.1893 
 
HE 0.6956 0.6027 0.2432 0.2476 0.8611 0.4911 0.3818 0.7023 0.5282 
 
FIS 0.70 0.40 0.89 0.65 0.86 0.79 0.87 0.43 0.69 
 
PHW 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000  
 
 
         
QU A/Ar 10/8.2 8/7.3 7/5.8 5/4.2 9/8.0 8/6.8 8/6.9 6/5.7 7.6/6.6 
 
HO 0.2000 0.2778 0.0263 0.0556 0.2874 0.2222 0.2308 0.3214 0.2027 
 
HE 0.8207 0.6377 0.3926 0.2567 0.6901 0.5430 0.5881 0.5240 0.5566 
 
FIS 0.76 0.52 0.96 0.79 1.00 0.59 0.61 0.39 0.70 
 
PHW 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0011  
 
 
         
SL A/Ar 9/8.2 11/8.8 8/6.0 4/3.7 6/6.0 5/4.8 5/4.5 7/7.0 6.9/6.1 
 
HO 0.3333 0.3103 0.1852 0.1905 0.0000 0.1429 0.1071 0.5263 0.2245 
 
HE 0.7072 0.6370 0.4570 0.2973 0.7758 0.4526 0.3214 0.8037 0.5565 
 
FIS 0.53 0.45 0.70 0.37 1.00 0.69 0.67 0.35 0.60 
 
PHW 0.0000 0.0000 0.0000 0.0074 0.0000 0.0000 0.0000 0.0008  
 
 
         
MA A/Ar 6/5.3 9/8.5 6/4.7 5/4.5 7/5.7 6/4.9 8/6.0 5/4.6 6.5/5.5 
 
HO 0.0606 0.5484 0.1613 0.1290 0.1290 0.2121 0.1818 0.3077 0.2162 
 
HE 0.6783 0.8271 0.4537 0.3681 0.7742 0.4317 0.3534 0.4253 0.5390 
 
FIS 0.85 0.22 0.67 0.78 0.80 0.65 0.51 0.47 0.62 
 
PHW 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0768  
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Table S4.2. Comparison of microsatellite-based genetic features of the three 
highly invasive freshwater mussels, zebra mussel Dreissena polymorpha, 
quagga mussel Dreissena rostriformis bugensis, and golden mussel Limnoperna 
fortunei. 
Feature Zebra mussel 
Dreissena polymorpha 
Quagga mussel 
Dreissena rostriformis bugensis 
Golden mussel 
Limnoperna fortunei 
Native range 
(Reference) 
Ponto-Caspian Region  
(Son 2007) 
Dnieper Delta 
(Son 2007) 
China and southeast Asia 
(Ricciardi 1998) 
Native pop. surveyed 
(genetic diversity) 
Romania 
(HE = 0.894) 
Black and Caspian Seas region 
(HE = 0.778 – 0.893) 
China and Korea 
(HE = 0.701 – 0.858) 
Introduced pop. surveyed 
(genetic diversity)  
Great Lakes 
(HE = 0.878 – 0.888) 
Europe 
(HE = 0.790 – 0.940) 
Great Lakes 
(HE = 0.802 – 0.931) 
Black and Caspian Seas region 
(HE = 0.796 – 0.931) 
Germany 
(HE = 0.873 – 0.931) 
South America 
(HE = 0.485 – 0.621) 
Japan 
(HE = 0.715 – 0.746) 
Taiwan 
(HE = 0.667 – 0.743) 
Genetic differentiation  
within native pop.  
FST = 0.051  FST = 0.008 – 0.030 FST = 0.051 (= 0.017 – 0.096) 
Genetic differentiation  
within introduced pop. 
FST = -0.007 – 0.032 
FST = 0.006 – 0.263 
FST = 0 – 0.026 
FST = 0.008–0.267 
FST = 0.004 – 0.107 
Genetic differentiation 
between introduced and 
native pop. 
FST = 0.008 – 0.054 FST = 0.002 – 0.035 FST = 0.037 – 0.299 
Dispersal dynamics 
suggested by 
genetic analyses in 
invaded range 
Ship-mediated dispersal 
&  
downstream movement 
of larvae 
Ship-mediated dispersal Ship-mediated dispersal 
Ship-mediated “jump” dispersal 
References  (Müller et al. 2002, 
Astanei et al. 2005, 
Brown and Stepien 2010) 
(Wilson et al. 1999, Therriault et 
al. 2005, Brown and Stepien 
2010, Imo et al. 2010)  
(Zhan et al. 2012b) 
This study 
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Figure S4.1. Values of ∆K calculated as in Evanno et al. (2005) for detecting the 
biologically relevant clusters of Limnoperna fortunei collected from all 24 
locations (A) and Asia (B). 
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CHAPTER 5 
Population attenuation in zooplankton communities during transoceanic 
transfer in ballast water 



5.1. Introduction 
Biological invasions are commonplace in most habitats colonized by 
humans. The consequences of nonindigenous species (NIS) introduced to novel 
habitats have fostered the growth of research in biological invasions in the past 
few decades (e.g. MacIsaac et al. 2011). Successful invasions are contingent 
upon introduction of a viable population(s), which must be capable of adapting to 
and exploiting local environmental and biological conditions (Colautti et al. 2006, 
Blackburn et al. 2011). Small population inocula and differences between native 
and introduced habitats may trigger evolutionary changes in colonizing species 
(e.g. Phillips et al. 2006, Moran and Alexander 2014). Biological invasions may 
be viewed as examples of in situ evolution in consequence (Lee 2002, Facon et 
al. 2006).  
A number of studies have documented successfully introduced 
populations with the same or higher levels of genetic diversity than putative 
native, source populations (e.g. Roman 2006, Taylor and Keller 2007, Gillis et al. 
2009). Enhanced genetic diversity may result from high propagule pressure (i.e. 
number of introduced individuals), particularly when it involves more than one 
source population (Roman and Darling 2007, Muirhead et al. 2008). In seemingly 
rare instances, small population size may be beneficial if some of the introduced 
individuals carry genotypes preadapted to the novel environment (e.g. Lavergne 
and Molofsky 2007). More typically, however, attenuation of propagules during 
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
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transportation may result in small population inocula, with population genetic 
bottlenecks resulting from such pre-introduction losses (Roman and Darling 
2007). Loss of genetic diversity can be fatal for introduced populations if they are 
unable to respond to selective pressures in the new region (e.g. Dlugosch and 
Parker 2008). Impoverished genetic diversity also may result from post-
establishment processes, notably genetic drift and selection in the novel 
environment (Koskinen et al. 2002, Lee et al. 2007). 
Very few studies have focused on dynamics that occur whilst NIS are 
carried by the invasion pathway (Olenin et al. 2000, Ruiz et al. 2000, Wonham et 
al. 2001). This dearth of research is particularly critical for principal aquatic 
invasion pathways like ships’ ballast water and hull fouling, which each may carry 
dozens or more species at once. Wonham et al. (2001) found >50% loss of 
plankton taxa in ballast water of an ocean-going vessel that traveled from 
Hadera, Israel to Baltimore, USA during a 16-day voyage. Loss of species can be 
considered the endpoint for populations that have suffered severe demographic 
decline. Examination of community dynamics during transport may help 
determine whether bottlenecks in NIS populations develop before or after 
introduction.   
Detecting species present at very low population density can be highly 
problematic, though advances in genetic technologies may assist researchers in 
this endeavor (Jerde et al. 2011, Zhan et al. 2013). The rapidly-growing use of 


Next Generation Sequencing (NGS) technology is one such technology that may 
be employed in biodiversity studies (Hajibabaei et al. 2011, Zhan et al. 2013). For 
example, Zhan et al. (2013) determined that NGS could detect individual larvae 
or fragments thereof down to 10-5% biomass contribution in a plankton sample, 
far below traditional microscopic analysis. Here I use NGS to assess community 
changes in zooplankton entrained in ballast water of vessels moving from 
Canada to Brazil. My objective was to assess zooplankton community 
composition during the trips and determine the severity, if any, of attenuation and 
whether genetic bottlenecks were likely to exist prior to ballast water discharge.   
5.2. Materials and methods 
I assessed zooplankton community dynamics in a vessel moving from 
Canada to Brazil during voyages in July, September and October 2012 (Figure 
5.1). Two ballast tanks (three tanks for the second voyage) were sampled at the 
beginning, middle and prior to the end of the voyage (middle samples were not 
taken in voyage three due to inclement weather) when mandatory ballast water 
exchange (BWE) occurred. In total, 19 ballast water samples were collected 
during the three voyages. Water was pumped from three different depths in each 
ballast tank to achieve a total sample volume of 1000 L, and processed through a 
35-µm plankton net. Filtered samples were transferred to 95% ethanol and stored 
at cool temperature on the vessel, and later processed in the lab.  
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Ethanol-preserved samples were shaken to randomize distribution of 
plankton. Two replicates of 1.5 ml were taken from each preserved sample using 
eppendorf tubes. Tubes were centrifuged at 10,000 rpm to remove ethanol. The 
total genomic DNA was extracted from each sample using DNeasy Blood and 
Tissue Kit (Qiagen Inc., ON, Canada). Extracted DNA was PCR-amplified using 
primer pair Uni18S-Uni18SR spanning the hyper variable V4 region of nuclear 
small subunit ribosomal DNA (nSSU rDNA) (Zhan et al. 2014). A 25 µL PCR 
cocktail contained 100 ng of genomic DNA, 1 x PCR buffer, 2 mM of Mg2+, 0.2 
mM of dNTPs, 0.4 µM of each primer, and 2U of Taq DNA polymerase 
(Genscript). PCR cycling parameters consisted of an initial denaturation step at 
95°C for 5 min, followed by 25 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 90 
s, and a final elongation step at 72°C for 10 min. Two PCR replicates were 
prepared for each sample. Samples were prepared for amplicon sequencing on 
an Ion Torrent Personal Genome Machine (PGM) according to the 
manufacturer’s protocols (Figure 5.2). 
Raw sequences obtained from Ion Torrent PGM were trimmed (e.g. 
homopolymere ≤ 8, max number of ambiguous nucleotides = 0) using the 
software Mothur v. 1.31.2 (Schloss et al. 2009). The UPARSE pipeline was used 
to remove chimeric sequences and errors/artifacts with the default settings 
(Edgar 2013). The resulting sequences were clustered into similarity-based 
Operational Taxonomic Units (OTUs) at a cut-off value of 3% divergence (Kunin 
et al. 2010, Edgar 2013). Taxonomic status of OTUs was defined by BLASTn 
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queries against the GenBank database implemented in the pipeline Seed 
v.1.1.35 (Větrovsky and Baldrian 2013). OTUs with minimum query coverage of 
70% and E value <10-70 were used for downstream analyses. 
Analysis of Variance (one-way ANOVA) implemented in SPSS v.20 
(SPSS Inc, Chicago, IL) was performed to investigate differences among 
average number of OTUs/sequences obtained from initial, middle, and final 
samples using a block design ANOVA and tanks as the blocking factor.  
Phylogenetic relationships of OTUs were reconstructed using neighbor-
joining (NJ) analysis in MEGA v.4 (Tamura et al. 2007) using bootstrap analysis 
with 1000 replicates to estimate clade support. 
5.3. Results 
Operational Taxonomic Units (OTUs) grouping 
A total of 5,357,374 sequences were obtained from 19 samples taken 
from ballast tanks during the three voyages. After filtering and removing low 
quality sequences, 2.07% of sequences were used for downstream analyses. 
The number of obtained OTUs varied between 12 and 64 among samples (Table 
5.1).  
The number of OTUs decreased from the start to end of each voyage, 
suggesting zooplankton die-off in ballast tanks (Figure 5.3). The mean number of 
OTUs recovered from initial samples of all three voyages differed significantly 
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from that found in the middle and final samples (ANOVA, F = 15.17, P = 0.001) 
(Figure 5.4A), though trip differences (i.e. block effect) were not significant (F = 
0.829, P = 0.574) (Table S5.1). Conversely, the mean number of sequences 
obtained from initial, middle, and final samples did not differ significantly 
(ANOVA, F = 1.18, P = 0.345) and there was a significant block effect (F = 4. 
805, P = 0.015) (Table S5.1).  These results indicate that differences in OUT 
depletion rate over time were not due to number of recovered sequences (Figure 
5.4B). 
Voyage one exhibited the highest loss of OTUs from initial to final 
samples, declining by 61.4% and 76.0% in tanks 1A and 1B, respectively (Table 
5.1). In voyage two, attenuation was less severe, with losses of 14.2%, 33.3%, 
and 8.6% for tanks 2A, 2B, and 2C, respectively (Table 5.1). There were slightly 
more OTUs in final samples of this voyage than those collected at the midpoint of 
the trip (Table 5.1). In voyage three, 68.7% and 51.2% of OTUs were lost 
between initial and final samples in tanks 3A and 3B, respectively (Table 5.1).  
The initial sample collected from tank 3A contained the highest number of 
OTUs (64) and recovered taxa (34 taxa) (Figure 5.3, Table 5.1), while the final 
sample of tank 1B exhibited the lowest number of OTUs (12) and recovered taxa 
(7 taxa) (Figure 5.3, Table 5.1).  
Some major groups such as copepods, molluscs, and protozoans 
appeared in all samples (Table 5.2). However, bryozoans, cnidarians, 
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gastrotriches, nematodes, platyhelminthes, poriferans, and rotifers were present 
in only some samples (Table 5.2). 
In voyage one, only 12 of the initial 27 taxa were present in final samples 
(Figure 5). Copepods had the highest number of OTUs recovered in final 
samples of this voyage, representing six taxa (Figure 5.5). Another six taxa were 
recovered (1 bryozoa, 2 mollusca, and 3 protozoa) in final samples. 
Tetrahymenidae (Phylum: Ciliophora) was the only taxon represented by two 
OTUs in final samples of tank 1A and was not detected in previous samples of 
the voyage.  
I recovered 36 taxa from samples of voyage 2, only four of which were not 
recovered from final samples, while 12 taxa (5 copepoda, 1 mollusca, 1 cnidaria, 
and 5 protozoa) had a higher number of OTUs relative to initial samples (Figure 
5.6). The overall number of OTUs declined or remained the same in all major 
groups in this voyage, except for cnidarians which contained more OTUs in final 
(4 OTUs) than initial samples (3 OTUs) (Figure 5.6).  
In total 38 taxa were obtained from initial samples of voyage 3, 18 of 
which were not present in final samples. The number of OTUs declined over time 
in all groups, with protozoa and copepods containing the highest number of 
OTUs in final samples relative to other groups (Figure 5.7).  
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5.4. Discussion 
In current study I assessed changes in zooplankton communities in ballast 
water during the course of three Atlantic voyages. My findings indicate 
attenuation of zooplankton during each of the voyages (Figures 5.3, 5.5-5.7, 
Table 1). I demonstrate that genetic diversity is lost prior to an introduction event, 
though some taxa appeared for the first time toward the end of the voyage. 
Consistent with Wonham et al. (2000), I found that zooplankton species 
represented by OTUs die off pre-introduction while in transit and not all taxa 
survive to the end of the voyage (Figures 5.5-5.7). Copepods, mollusks and 
protozoans were dominant among groups whose genetic diversity did not decline 
during voyages. 
Genetic bottleneck 
The total number of OTUs decreased along each voyage, and initial 
samples containing taxa that were not recovered at the end of voyage (Table 5.2, 
Figures 5.5-5.7). Thus, my findings suggest the development of genetic 
bottleneck and loss of potential genetic diversity prior to introduction. The loss of 
diversity is generally perceived as a significant barrier to successful 
establishment that must be overcome at the initial stage of an invasion 
(Blackburn et al. 2011). However, my results suggest that the same barrier may 
also occur within species. 
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Voyage 1 samples exhibited the highest loss of OTUs (76% for tank 1B) 
from initial to final samples (Table 5.1). This high loss of OTUs relative to other 
voyages may be due to enhanced fluctuations in temperature and salinity during 
the sampling period (Table 5.3). Temperature decreased by 5.26°C from initial 
samples to middle samples and then increased by 7.15°C between middle and 
final samples. During the same voyage, average salinity increased in middle 
samples (3.07 ppt) relative to initial ones (0.10 ppt) but then decreased to final 
samples (0.27 ppt) (Table 5.3). Such fluctuations in environmental characteristics 
in ballast water could trigger physiological shock in some taxa with adverse 
effects on genetic diversity in zooplankton (e.g. Cervetto et al. 1999, 
Zajaczkowski and Legezynska 2001).  
In contrast, voyage two exhibited the lowest loss in OTU number, ranging 
from 8.6% - 33.3% relative to initial samples. Environmental temperature 
increased by 15.89°C from initial to final sample periods, while salinity decreased 
after initial sampling and remained relatively constant thereafter (Table 5.3). I 
observed a high loss of OTUs (>50%) for both tanks during voyage three (Table 
5.1). This voyage was the longest trip (12 and 14 days for tanks 3A and 3B, 
respectively), which lasted for ca. seven days before final sampling was 
conducted (Table 5.1). Temperature of ballast water decreased by 5.07°C and 
salinity increased during voyage three (Table 5.3).  
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Based on the above, environmental factors in ballast tanks during each 
voyage can influence the rate at which OTUs are lost or, more rarely, gained. 
The appearance of some taxa or the increase of their OTUs in final samples 
could be the result of random sampling errors (Olenin et al. 2000) or growth 
(Gray and MacIsaac 2010) during the voyage which subsequently increased the 
chance of their detection.  
NGS analyses approach 
A number of studies have investigated common errors associated with Ion 
Torrent PGM data, including erroneous insertions/deletions (i.e. indels) (Loman 
et al. 2012, Quail et al. 2012). Indels introduced by inaccurate flow-calls appear 
at a rate of 1.38% in PGM data (e.g. Bragg et al. 2013). There exists a growing 
number of algorithms to minimize these errors for downstream analyses (Yeo et 
al. 2012). However, much improvement is required to increase the efficiency of 
these methods. Effects of such errors are more pronounced when NGS data is 
used for polymorphism studies (Bragg et al. 2013). I used the recently published 
pipeline of UPARSE (Edgar 2013), which promises to produce the most accurate 
number of OTUs. In this method OTUs are produced with ≤1% incorrect bases 
versus >3% generated by other methods (e.g. Mothur, QIIME) which tend to 
overestimate OTU number (Edgar 2013). Even though the UPARSE method 
might not represent the exact number of OTUs present in each sample, it 
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appears to be the most reliable method currently available for such analyses 
(Edgar 2013).  
Results from BLAST may not be the most accurate partly due to lack of 
reference online sequences. Moreover, studies have shown that some groups of 
zooplankton - like copepods and rotifers - form species complexes that are poorly 
defined taxonomically (e.g. Lee 2000, Gomez et al. 2002). High levels of 
intraspecific genetic divergence and polymorphism increase the chance of error 
when comparing genetic diversity of different samples (Lee 2000). Hence, I 
defined taxa at the family level to avoid uncertainty in defining intraspecific 
genetic diversity.  
I acknowledge that the number of sequences does not directly correspond 
to the number of propagules in ballast water (Weber and Pawlowski 2013), as 
multiple amplicons can be produced from a single individual. Therefore, my 
results are based upon genetic composition of the zooplankton community in the 
ballast water and do not correspond to the actual abundance of taxa. However, 
my findings highlight that events that occur prior to introduction may influence the 
genetic diversity of introduced populations, which, in turn, may affect their 
establishment success.    
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
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Table 5.1. Operational Taxonomic Units (OTUs) recovered from three ballast 
tanks (A, B, and C) during three Atlantic voyages of a vessel. Each tank was 
sampled at the beginning, middle, and near the end of the voyage. Days refer to 
the time since start of the voyage when sampling was conducted.   
Tank Sampling period Days  No. of 
OTUs 
No. of taxa 
(Families) 
1A initial  0 57 23 
 middle 4 30 10 
 final 8 22 10 
1B initial  0 50 17 
 middle 3 28 12 
 final 7 12 7 
2A initial  0 35 18 
 middle 3 18 10 
 final 7 30 17 
2B initial  0 39 18 
 middle 3 26 14 
 final 7 26 12 
2C initial  0 46 16 
 middle 3 30 15 
 final 7 42 23 
3A initial 0 64 34 
 final 12 20 12 
3B initial 0 41 25 
 final 14 20 15 
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Table 5.3. Environmental characteristics (temperature, pH, dissolved oxygen 
(D.O.), and salinity) of three ballast water (A, B, and C) samples obtained at the 
initial (int), middle (mid), and final (fin) day during three voyages of a vessel 
transiting between Canada and Brazil.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Samples were measured using test strips.  
Ballast 
tank 
Sample     (date) Temperature 
(°C) 
pH D.O. % Salinity 
(ppt) 
1A int (03-06-12) 26.53 8.01 37.27 0.10 
mid (07-06-12) 19.43 8.36 59.20 3.30 
fin (11-06-12) 26.20 8.31 77.00 0.27 
1B int (04-06-12) 22.08 8.23 69.40 0.10 
mid (07-06-12) 18.67 8.33 70.60 2.83 
fin (11-06-12) 26.20 8.23 77.83 0.27 
2A int (17-09-12) 10.16 8.14 19.23 13.86 
mid (20-09-12) 11.53 7.87 34.96 17.20 
fin (24-09-12) 25.53 7.53 21.46 17.46 
2B int (17-09-12) 10.33 8.14 19.73 23.13 
mid (20-09-12) 11.43 7.86 34.60 18.43 
fin (24-09-12) 26.10 7.72 24.00 18.75 
2C int (17-09-12) 7.75 8.15 19.03 20.23 
mid (20-09-12) 11.36 7.78 57.66 20.40 
fin (24-09-12) 24.26 7.48 21.66 20.86 
3A int (20-10-12) 11.69 8.27 23.93 0.10 
fin (01-11-12) 6.20 7* 72.83 0.40 
3B int (18-10-12) 11.26 8.45 55.23 0.10 
fin (01-11-12) 6.60 7* 73.06 0.60 
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Figure 5.2. Protocol for analysis of 19 ballast water samples collected during 
three Atlantic voyages. 
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Figure 5.3. Number of OTUs recovered from initial, middle, and final samples. 
Three different ballast tanks were sampled: A (black line), B (grey line), and C 
(dashed line). 
 
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Figure 5.4. Average (±SD) number of OTUs (A), and average (±SD) number of 
sequences (B) obtained from all initial (black bar), middle (grey bar), and final 
(white bar) samples. Groups that are significantly different are not joined by the 
same line above the bars.   
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Figure 5.5. Neighbor-joining tree for all OTUs recovered from voyage one. OTUs 
are 18s amplicons sequenced by Ion Torrent PGM. OTUs are taxonomically 
grouped at family level based on BLASTn query of sequences against GenBank 
dataset. Numbers in front of each family branch correspond to the number of 
OTUs found at the initial and final samples for all the tanks of the voyage. Taxa 
that were lost in final samples are highlighted in bold, while those with increased 
OTUs in final samples are italicized.  
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Figure 5.6. Neighbor-joining tree for all OTUs recovered from voyage two. Refer 
to Figure 5 legend for additional information.  



Figure 5.7. Neighbor-joining tree for all OTUs recovered from voyage three. 
Refer to the Figure 5 legend for additional information. 
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CHAPTER 6 
General discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




This dissertation addressed the relationship between propagule pressure, 
genetic diversity and invasion success. Generally, it is believed that introduced 
populations of NIS are prone to negative consequences of genetic bottleneck, 
and that loss of genetic diversity limits the capability of the founding population to 
respond to novel environmental conditions (Kinziger et al. 2011). However, a 
limited number of studies have concluded the opposite, that reduced genetic 
diversity in introduced populations may carry as high or higher genetic diversity 
than their putative, native-source population(s). A number of studies have 
empirically demonstrated increased genetic diversity of established populations 
resulting from multiple introductions (including chapters two to four, Lavergne 
and Molofsky 2007, Crawford and Whitney 2010, Cabezas et al. 2014). Loss of 
diversity during invasion could occur either pre- or post-introduction.  
Interestingly, however, studies exploring the dynamics of genetic diversity during 
the transportation phase of invasion are lacking. This dissertation presents the 
first attempt to characterize the existence of a developing genetic bottleneck prior 
to the introduction of propagules (chapter five).  
6.1. Rational for using different markers and methods 
Exploring population genetics of introduced populations requires extra 
caution when employing different approaches to tackle questions. Many analyses 
in population genetics assume Hardy-Winberg equilibrium between factors 
driving evolution in populations (e.g. mutation, gene flow, etc.), which may be 

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violated in recently introduced populations (Fitzpatrick et al. 2012). As a result, I 
attempted to choose the most appropriate marker to answer questions regarding 
the origin and pathways of introduced populations. For example, mtDNA is more 
sensitive to bottleneck events than the nuclear genome owing to its smaller 
effective population size (Ne) relative to nuclear DNA (Avise et al. 1978). I used 
this marker in chapters three and four. Population differentiation among 
Mnemiopsis leidyi populations in chapters two and three was measured using 
FST. However, in chapter four where I used microsatellites with high 
heterozygosity to explore the population genetic structure of Limnoperna fortunei 
FST could be misleading, therefore Jost’ D was incorporated to estimate 
population genetic differentiation (Jost 2008). Additionally, when Hardy-Weinberg 
equilibrium was violated for STRUCTURE analyses in L. fortunei populations 
(chapter four), I used an alternative analysis - three-dimensional factorial 
correspondence - to validate findings of STRUCTURE. Finally in chapter five, 
where I wanted to screen the genetic diversity at a community level, I used the 
timely and cost-effective next generation sequencing with the small subunit 
ribosomal DNA (known as 18S); this marker is used extensively in phylogenetics 
and biodiversity screening studies (Chenuil 2006). 
6.2. Intraspecific genetic diversity and invasion pathways 
An essential but challenging aspect of NIS management is to identify the 
invasion pathway. Incorporation of molecular techniques provides a post hoc 
alternative to other approaches (e.g. monitoring biocontrol agents and landscape 
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plants) that directly track the source of propagules entering introduced regions 
(Hulme et al. 2008, Gillis et al. 2009). By contrasting genetic composition of 
native and introduced populations and exploring between-population genetic 
diversity, it is possible to reconstruct the invasion history of NIS and to identify 
likely source populations (Fitzpatrick et al. 2012). These studies are most robust 
when combined with formal analyses of the invasion pathway responsible for the 
introduction. Additionally, these studies may illuminate whether a successfully 
established introduction population resulted from one or more introductions (e.g. 
Darling et al. 2008, Brown and Stepien 2010), and whether admixture has 
occurred in the introduced range (e.g. Kolbe et al. 2004, Kelly et al. 2006). 
However, there are limitations to molecular approaches. For example, the 
accuracy of source identification can be limited if native populations are not 
genetically diversified, or if extensive gene flow exists between native and/or 
introduced populations reduces genetic differentiation among all populations 
(Roman and Darling 2007). Marker selection can also play a key role in success 
of these studies (Hufbauer and Sforza 2008). 
Chapter two of this dissertation demonstrated the utility of molecular 
markers for discriminating among putative source populations of NIS for two 
different invaded regions of Europe. I demonstrated that North America was the 
likely source rather than South America of the comb jelly, Mnemiopsis leidyi. 
Furthermore, at least two distinct pathways were involved, with one invasion from 
the Gulf of Mexico to the Black Sea basin, and the other from coastal 

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Massachusetts to the Baltic Sea. None of the introduced populations exhibited a 
discernible reduction in genetic diversity relative to their putative source 
population. Once these initial populations established, they subsequently spread 
in a hub and spoke model (Ruiz and Carlton 2003) to adjacent seas, with the 
Black Sea population subsequently associated with invasions of the Azov, 
Caspian, and Mediterranean seas. The population that established in the Baltic 
Sea later spread to the North Sea. Thus, over ~30 year span, all major seas in 
Europe have been colonized by this highly invasive species. Findings of this 
chapter also demonstrated that multiple introductions and high propagule 
pressure prevent genetic bottlenecks from forming in introduced populations. 
Once established, NIS populations can spread from their primary 
introduction point to colonize new habitats via either stepping stone or hub-and-
spoke models (see Drake and Lodge 2004, Muirhead and MacIsaac 2005). 
Clearly, the availability of vectors and degree of environmental matching between 
the immediate source and the destination habitat may influence the scale and 
extent of secondary introductions (Leung and Mandrak 2007, Vander Zanden 
and Olden 2008). Exploring invasion genetics in introduced populations can 
reveal whether a new invasion resulted from secondary spread from other 
introduced populations or from the native hub (Kelly et al. 2006, Sousa et al. 
2008, Medley 2010). Findings of Chapter three highlight that the large-scale 
introduction of M. leidyi into the Mediterranean Sea is broadly consistent with 
propagule flow from the adjacent Black or Azov seas (Bolte et al. 2013), though 
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
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given the physical connection of the Black and Mediterranean seas through the 
Bosporus Pass, propagules are more likely from the former (Bolte et al. 2013). 
However, not all haplotypes detected in the Mediterranean Sea were found - 
despite reasonably high sampling effort - in the Black or Azov Seas, though they 
are found in coastal water of North America. This haplotype distribution indicates 
that a primary introduction from the native region may also have contributed 
propagules to Mediterranean Sea populations, a possibility consistent with ship 
traffic patterns (Figure 3.1, Table 3.1). 
6.3. Distribution of genetic diversity and vector activity 
The nature of a transmitting vector can define the extent of propagule 
pressure and genetic composition of introduced populations. Ships’ ballast water 
is a principal vector of aquatic NIS introductions (e.g. Carlton 1985, Ricciardi 
2006), thus areas receiving higher numbers of ships and higher ballast discharge 
volumes are at higher risk of invasion than ports with lower traffic (e.g. Drake and 
Lodge 2004, Herborg et al. 2007). While the raw number of ships’ visits 
translates poorly to exact measure of propagule pressure (Lo et al. 2012) - as not 
all ships carry ballast water - it may indicate risky invasion routes, and major 
source regions (Seebens et al. 2013). Findings of Chapter four indicate that 
invaded areas with high ship traffic also possess more genetically diverse 
populations of invading golden mussel, Limnoperna fortunei, at both 
mitochondrial and microsatellite markers than areas receiving fewer ship visits. 

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This correspondence is consistent with the view that more genetically diverse 
introduced populations of golden mussel in Asia likely received higher propagule 
pressure from other Asian sources than did less diverse populations.  
6.4. Pre-introduction genetic bottleneck  
Certain life history characteristics can enhance the ability of species to 
invade (Rejmanek and Richardson 1996, Kolar and Lodge 2002, Kleunen et al. 
2010). For example, holoplankton (ie. planktonic species) or meroplankton (ie. 
species with planktonic life stage) have a higher chance of being loaded into 
ballast water relative to benthic or sessile species lacking pelagic stages. 
Previous studies have demonstrated reductions in abundance of zooplankton in 
ballast water during transoceanic voyages (Ruiz et al. 2000, Wonham et al. 
2001). However, little work has been devoted to examination of exactly when 
bottlenecks develop. Bottlenecks may develop when the species interfaces with 
the transport vector, if only some of the native genetic diversity is loaded onto or 
in the invasion pathway. Secondly, mortality during transport reduces species 
abundances, increasing the likelihood of demographic and genetic constraints.   
Third, not all diversity represented in the pathway may be introduced at the 
recipient site, depending on the scale of the discharge (e.g. amount of ballast 
water or wood dunnage). Finally, selection or genetic drift in the post-introduction 
environment may further reduce genetic diversity of an invader. In chapter five, I 
investigated how genetic composition of a zooplankton community in ballast 
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water changed during trans-Atlantic voyages from Canada to Brazil. Using next 
generation sequencing, I showed that loss of community-based genetic diversity 
increases as voyage duration increases. Findings of this chapter illustrated loss 
of potential genetic diversity and development of genetic bottlenecks prior to 
introduction for zooplankton entrained in ballast water. This erosion of genetic 
diversity could be accentuated in the new environment if environmental or 
biological conditions select against specific genotypes, although I did not explore 
this possibility in this study. Post-invasion assessments revealing bottlenecked 
populations could thus result from either pre-introduction and/or post-introduction 
ones. 
6.5. Future work 
Chapters two to four demonstrated no major loss of genetic diversity in 
introduced populations of NIS that resulted from large inocula and/or multiple 
introduction events from putative source regions. Additionally, community-based 
genetic diversity of zooplankton in ballast water declined while in transit. Pre-
introduction loss of genetic diversity highlights the importance of pre- introduction 
events in shaping genetic diversity of colonizing populations, and possible 
evolutionary differentiation even before introduction occurs. I propose that the 
next step is to explore whether successful NIS carry specific genotypes that are 
pre-adapted to survive biological invasion, and whether these same genotypes 
are repeatedly introduced around the world (Saltonstal 2002). Advances in 


genetics, including next generation sequencing technologies, seem a promising 
route for exploring these questions (Hajibabaei et al. 2011, Edgar 2013) and 
answering fundamental questions about determinants of invasion success. 
These timely and cost-effective technologies can shed light on whether 
evolutionary forces act upon certain genotypes in the recipient region. The same 
emerging technologies may assist us determine why some species become 
invasive and spread extensively, while related taxa remain localized despite the 
availability of transport vectors (Zhan et al. 2010, Perez-Portela et al. 2013). Both 
of these directions point toward increased utility of genetic approaches to 
address invasiveness in introduced nonindigenous species.   


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